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PREFACE

Soon after its founding in 195 2, the Advisory Group for Aerospace Research and Development recognized the
need for a comprehensive publication on flight test techniques and the associated instrumentation. Under the direction
of the AGARD Flight Test Panel (now the Flight Mechanics Panel), a Flight Test Manual was published in the years
1954 to 1956. The Manual was divided into four volumes: 1. Performance, 11. Stability and Control, Ill. Instrumentation
Catalog, and IV. Instrumentation Systems.

Since then flight test instrumentation has developed rapidly in a broad field of sophisticated techniques. In view
of this development the Flight Test Instrumentation Group (now the Flight Test Techniques Group) of the Flight

* Mechanics Panel was asked in 1968 to updrte Volumes Ill and IV of the Flight Test Manual. Upon the advice of the
Group, the Panel decided that Volume Ill would not be continued and that Volume IV would be replaced by a series
of separately published monographs on selected subjects of flight test instrumentation: the AGARD Flight Test
Instrumentation Series. The first volume of the Series gives a general introduction to the basic principles of flight test
instrumentation engineering and is composed from contributions by several specialized authors Each of the other
volumes provides a mome detailed treatise by a specialist on a selected instrumentation subject. Mr W.D.Mace and
Mr A.Pool were willing to accept the responsibility of editing the Series, and Prof. D.Bosman assisted them in editing the
introductory volume. In 1975 Mr K.C.Sanderson succeeded h'r Mace asan editor. In 1981 Mr R.W.Borek, Sr., replaced
Mr Sanderson. AGARD was fortunate in finding competent editors and authors willing to contribute their knowledge
and to spend considerable tiime in the preparation of this Series.

Special thanks and appreciation are extended to Professor T. van Dostefrom. The Netherlands. Professor van
Qosterom chaired the Group from its inception in 1968 until 1976 and established many of the ground rules under
which the Group still operates. The Group also appreciates the efforts of the late Mr N.O.Matthews, 11K, who chaired

*the Group during 1977 and 1978.

It is hoped that this Series will satisfy the existing need for specialized docunwntation in the field of flight teat
instrumentation and as such may promote a better understanding between the flight test engineer and the instrumentation
and data processing specialists. Such understanding is essential for the efficient design and execution of flight test

programs.,

The efforts of the Group members (J.Moreau and N.Lapchine CEV/F&R H.Dothe DFVLRIGE, J.T.M. van DoomI
and A.Pool NLRINE, E.J.Norris A&AFE/UK, and R.W.Borek, Sr. NASA/US) and the assistance of the Flight Mechanics
Panel in the preparation of this Series are greatly appreciated. Credit is due to former Group Member Mr K.C.Sanderson,
US, who served as an editor during the preparation of this volume.

fI

F.NSTOUIKER
Member, Fli:ht Mwnanics Panel
Chairman, Fl~st Test
Techniques Group
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LIST OF SYMOLS

a [m/s 2] sue of all forces per unit Miss, Eqs. (2.1). (2.3) and Fig. 2.3

A Lm2] area enclosed by light beams in an optical gyro

A14  cofactor of a matrix, Section 7.4.4.3.1

A acceleromter triad in Figs. 7.3.1/7.4.2/7.4.3/i.4.6

ADC analog-to-digital converter

AMRS attitude and heading reference systam

b [m] pivot diameter in SOF gyro gimbal bearing. Fig. 3.2.9

B Cm/s2] acceleromter error, Chapter 3.7

_ /S2] Coriolis acceleration vector, Chapter 7

"I c (m/S = 3 x 108, speed of light in vacuum
cm Im/s] speed of light it medlum. Eq. (3.5.10)

c In] length of the gimbal in SOW gyro, Fig. 3.2.9

C viscous damping ratio. Eqs. (3.2.34). (3.3.2). (3.3.11), (5.2.2).
(5.2.10)

iij matrix to transfumr vector from coordinate frame j into i

CEP circular error probable, Section 7.3.4

d drift coefficient of a gyro marked by subscript and superscript, e.g.
df a unbalance drift due to g-load in direction I, Tables 3.2.1 and 3.2.2

d [m] diameter of light beam. Eq. (3.5.12)

d [mi length of laser tube, Eq. (3.5.11)

D Crad] deviation of the normal, Eq. (2.11)

D Lrad/s] total gyro drift, if marked with superscript a subset of the total gyro
drift, e.g. 0" - drift due to mass unbalance

0, [rad/s] total gyro drift derived in Section 3.2.2

DG directional gyroscope

'X DTG dynamically tuned gyro

a eccentricity of the earth's reference ellipsoid, Eq. (2.0)

E [ expected value. Fig. 7.3.8

ERU earth rate unit - 15 O/h

f [m/s 2] specific force, Eq. (2.3) and Fig. 2.3

f HZJj frequency

f flattening of the earth's reference ellipsoid, Eq. (2.8)

F, F(s) ["/-mred] control loop transfer function, Chapters 3, 4, S

F'. F(s) (A/red] control loop transfer function - F/St. Chapters 3. 4. 5

system matrix, Eq. (7.3.4)

F [NJ force, Fig. 3.2.9
i ~Fe DTG figure of amoit, Eq.(3.4.3S)

FUP four-gimbal platform, Section 5.4

FM free rotor gyro

FFM. form frequency lnser gyro. Section 3.6.3.S

gravity. Eq. (2.28)r

g~m/sA



m Lis2 negativ, specific force. Eq. (2.3)

G, G(s) ýrad/N-uj Mo transfer function in the platfom environment, Eqs. (3.3.12).
(3.3.20). (3.4.4)

t'. G'(s) 'rad/N-1 ro transfer function in the strapdow- environment. Eqs. (3.3.15).
6 s) r(m.4.1$)

G", G"(s) ýrsd/h..] TOF gyro transfer function without doaping, Eqs. (3.4.5), (6.1.3)

G [am/s2) gravitation, Eq. (2.3)

driving function matrix, Eq. (7.3.4)

h hor

h altitude above earth's reference ellipsoid, Fig. 2.1b

H LN-a- anvuler mmentum, Eqs. (2.38), (2.41), (3.M.4) to (3.2.6)

H [Gauss] magnetic field intensity. Section 3.5.4

i [A) current

I [kg-m2] moment of inertia of gyro rotor about spbi axis

unity matrix, Eq. (3.2.10)

skew syetric unity matrix, Eq. (3.2.10)

INS inertial navigation system

IMU inertial maisursmnt unit

J [kS-W2 ] momnt of inertia

I [kg-m2] moment of inertia tensor, Eq. (2.39)

K fm/N] structural compliance in a mechanical gyro, Eq. (3.2.30)

K 1N-m/radl torsional spring coefficient, Eqs. (3.9.34). (3.3.2), (3.4.32)

K [N-m/rad] servo loop gain, Chapters S, 6

K dekay integer, Eq. (7.3.28)

[ length of light baio. perimeter of optical gyro. Section 3.5

tl [in] apparent difference in the length of the optical path in a RLG.
Section 3.S.2.2

LSO least significant bit, Chapter 4

a [kg] mass, Chapter 3

m dumy integer, Chapter 4

N IN-,E torque, Eqs. (2.37), (3.2.1), (5.3.2)

MTBF [hj man time between failure

n [rad/sj spin rate of gyro rotor, Chapters 3 and S

n refraction index. Section 3.5

n integer, number of bits, Chapter 4

N number of pulses of a RI.G, Eq. (3.5.8)

N (i, 02 Gaussian distribution with mean value m and standard deviation a.
SChapter 7

N (q) norm of quaternion, Eq. (7.4.34)

NIS north indicating system, Chapter 7

6o optical gyro. Section 3.5

OAS optical rate semor, Section 3.5

Sd time derivative operator, Eq. (3.2.25). Fig. 3.4.7
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) Probabfl'ty density, Fig. ?,3.6

CovdrIlnCe matrix, Eq. (7.3.10)

platfom, Fig. 1.3.1

SV itolts"g puulse. Chapter 4
lPRl 

Pullse reblance loop. Chaptor 4

quAternion, Eq. (1.4.33)

qua0troon eatrix, E.q. (74.36)9) 
mltrf•x of ucorWralated noise, Eq. (7.3.30)ŽQ ('A-S) 
electric charge. Chapter 4

r EM) 
seminor axis of the earth's reference ellipsoid. Eq. (2j7)
distance Oetween center of support and center of gravity, Eq. (J.Z.,5)r [in radius of light been, Eq. (3.5.1)

r 
aplitude of baCkscattere•d light with respect to incident light of a
mirror, 

Eq. (3.5.12) 

r~•tt 
ntttlgto

• •Lu radius vector fra origin 0 of $mertid? coordinate frame to point P of
meatur ONOt, Eq. (2.1)PR ,a 
sminjor axis of the earth's reference ellipsoid set equal to the re-
dius of spherical earth. 1qs. (2.6), (7.3.1)

"" 
systme reliability, Fig. 7.4.9

R (0twil 
measuring resistance, Chapters 3. 4

RN' radii of curvature of earth's referelnce ellipsoid. Eqs. (2.13), (2.14)RIG 
rate integrating gyro

ring laser gyro

"scowds Eradl/sj Laplace variable

S f /ad/SVJ aro scale factor, Eqs. (3.2.43), (4.2.1b)
St 4dym-cM/A) torquer scale factor
sT Cred/s/A) torquer szcle fecto•, (. SVH)Su [red,'s/V) scale factor of rate gyro
S [a) distance flown. chapter 7S 

signal generator. Fig. 7.3.1
SAP• 

lsingle axit platfonm, section 5.2.1

Sm PerV metes, Fig. 7.3.1
5W ingle dw ep ?.*A..4dmSSI

7 
woT [a) tug. constant, Chapwe aTP (a) pulse lqnth. Chepter 4

T [R)] t-m,, e, Section 3.6.4

TS IS) sapin time, Chapter 4y5 [3) Schuler peieg, Eq. (7.3.1)
87( ] S -ift fference batamm twe light b ern travelling th~rough optical

ps th



eT LK/m tmerature #radint, Section 3.6.4

T [s] MTWF of a sensor, Fig. 7.4.9

TOF two-degree-of -freedom

TV three-gimbal platform. Section 5.3

qu i] sensor output voltage

ju control vector, Eq. (7.3.4)

V [m/sj velocity comonents with respect to ground, Eq. (2.26)

v (I/s total velocity vector with respect to ground, Eq. (2.26)

VFC vol tage- to -frequency convertor

ww hite noise. Fig. 7.6.3

x.yZ axes of coordinate frame

x stqto variable. Chapter 7

I measurment variable. Chapter 7

relative shift of fringe pattern of two interfering light beams in an 0G

[rad] constant misaligmemnt angle of gyro axes with respect to reference axes,
Fig. 3.2.4

a Lrad] angle between coordinate systems. Eq. (7.3.36)

a [red) wander angle. Fig. .. 4.1

I (rad] angle to describe quaternion. Fig. 7.4.10

" [red] coning motion mpltude. Eq. (7.4.46)

B [radrj coning aotion amplitude, Eq. (7.4.46)

a [rad] angle to dencribe quaternion. Fig. 7.4.10

B [red] platform rotation angle of Delco system, rig. 7.4.3

a [rod] misalignment angle betoeen torquer axes and reference axes, Fig. 3.2.5I [red] angle beween rotor reference axis aI- ma"tic field vector. Chapter 3

Y [red] angle between gravitation vector _ and gravity vector j. Fig. 2.1

'[red] angle to describe qiaternion, Fig. 7.4.10

6 [rad] angle to describe quaternion. Fig. 7.4.10

6 sign to describe an error. e.g. 6V - velocity error

sign to describe a difference, e.g. 65 a distance from starting point

c Lrad] error angle. misaligru-nt of platform or strapdown system with respect

to navigational fram or integral gr drift

daping constant, Eq. (3.2.35). (3.4.8)

n [rad] deflection of the vertical about north-south axis. Fig. 2.4 and Eq.
(2.33)

o [red] gro pickoff angle, Chapter 3. 4. Fig. 3.2.3

o [ridj pitch angle, Captrs 6, 7, S. 9

o [rad) rotation of polarization plane of light boe, Eq. (3.5.14)

relative scale factor error u aS/S. Eq. (3.2.44)

(Cred/s] elgemvalue of instable vertical chne. Eq. (7.3.38)

L i radJ geographic longitude

SIn Wavelength of light
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A 'radd celestial longitude A + nt, Eq. (1.23b)

i•'rad] position angle in pseudo pole coordinate frame. Fig. 7.4.4

friction coefficient, Chapter 3

[rad/sj frequency of light, Eq. (3.5.7)

ki Lrad] deflection of the vertical about east-west axis, Fig. 2.4 andEq. (2.3.5)

multiplication mode, Fig. 3.3.2. 3.3.5

a correlation factor, Fig. ?.3.9

0 standard deviation

oa ridf position angle in pseudo pole coordinate frme. Fig. 7.4.4

""r sis integration time

t is 4life time, Fig. 7.4.9

t [s] time constant, Eq. (7.4.4)

t is] time constant dLa to fluid mass coupling, Eq. (3.3.7)

%P [rad] geographic latitude, Fig. 2.1

-#c L[rad] geocentric latitude, Fig. 2.1

E Lradl phase shift, Eq. (3.5.3) and (7.4.46)

0 rrad] roll angle

SCrad) angular displacoment of gyro with respect to inertial space, Eq. (3.4.6)

# P[arc sac] pulse weight, Chapter 4 *

±Vd] attitude angle vector. Eq. (5.1.1)

Stransition matrix, Eq. (7 3.5)
x [rad] total out-of-aligmnt angle be"ien gyro frome and reference frame,

Figs. 3.2.3, 3.2.4 and Eq. (3.2.12)

f matrix In quaterniom coutation, Eq. (7.4.40)

C rad] Yaw amole
w [red/&) angular rate

- un [rads) natural frequency. Eq. (3.2.3S)

n Crod/S] nutation frtqu@nv. Eq. (3.4.8)

Ws [rd/is] Schuler freqwwny. Eq. (7.3.1)

a [rod/s] coning motion fraqusncy, Fig. 7.4.11

a [raosi m nitude of eart rete. Eq. (2.21)

0. (rad/•/] • * /z, Eq. (7.2.5)

g x matrix, Eqs. (3.2.9), (7.4.12)

Subscripts indicate the reference coordinate fram, axes orientation and directions

a wander azimuth coordinate frame, Fig. 7.4.1

b body. Section 7.4.4.1

c related to center of the earth

O down axis In navigational coordinate fromm fig. 2.1
C earth-fixed coordinate frin, Fig. 2.!
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E east axis in navigational coordinate frame, Fig. 2.1

g gyro coordinate frae, Fig. 3.2.1

h horizontal, Fig. 7.4.3

inertial coordinalte frame, Fig. 2.1

i dumy subscript, Table 3.2.2

I input axis, Fiag. 3.2.1

i dumay subscript, Table 3.2.2

m derivation of magnetic field, Eq. (3.2.3)

m pseudo pole coordinate frame, Fig. 7.4.4

n navigational coordinate frame, Fig. 2.1

N north axis in navigational coordinate frame, Fig. 2.1

0 output axis. Fig. 3.2.1
SP platform, Chapter 5

r gyro case reference coordinate frame, Fig. 3.2.4

r rotor-fixed coordinate frame, Eq. (3.2.3)

S spin axis, Fig. 3.2.1

t torque generator coordinate frame, Fig. 3.2.5

v vertical, Fig. 7,4.3

xyz directions of coordinate frame axes

Superscripts

one superscript is used for physical criteria

a accelerometer, Section 7.6

a anisoelasticity, Eq. (3.2.31)

a asyemtry error of scale factor, Eq. (3.2.46)

a dummy superscript in Eq. (3.5.16)

b dumy superscript in Eq. (3.5.16)

c dyqy superscript In Eq. (3.5.16)

c constant value; Eq. (3.2.46)

c cross coupling; Table 3.2.1b

d Doppler, Chapter 3

D dither, Section 3.5.4

f fixed value, Sections 3.2 and 3.5.4

f friction, Eq. (3.2.37)
F Faraday, Section 3.5 I

SA g gyro. Chapters 3.7

h hunting, Eq. (3.2.33)

H magnetic field coefficient, Section 3.5.4

I dumy superscript

input, Eq. (3.4.2).S1~ antsotnertta, Table 3.2.1b .:'• *
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l 1 linearity error of scale factor, Eq. (3.4 2)

L lock-in rate, Section 3.5
Sm maximeum, Chapter 4

m magnetic field vector. Eq. (3.2.4)

* misalignment, Tables 3.2.1a, 3.2.2a

n ncnlinearity error of scale factor. Eq. (3.4.2)

nnutation, Chapters 3, 5

p pulse, Chapter 4

p pseudo coning, Tables 3.2.1b, 3.2.2b

p platfom, Chapters 5, 7

r restraint torque, Eq. (3.2.21)

r rotor, Eq. (3.2.4)

r readout, Chapter 4

rw random walk, Section 3.5.4

s scale factor, Tables 3.2.1a, 3.2.2a

s spin, Eq. (3.2.5a)

s spring rate coupling, Eq. (3.2.39)

S Schuler, Chapter 7

s sampling, Chapter 4

st saw tooth, Chapter 4

s servo loop, Chapter 5

t command torque and command rate, Eq. (3.2.19)

T total angular aomentum of a gyro, Eqs. (3.2.1) and (3.2.6)

T transpose of a matrix

T temperature coefftcient, Sectaon 3.5.4

AT temperature gradient coefficient, Section 3.5.4

T table, Section 3.5.4

u unbalance, Section 3.2.2.1

two superscripts with vectors indicate the direction of motion, e.g.

4n angular rate vector of the navigational coordinate frame with respect
to the inertial coordinate frame, measured in the navigational coordi-
nate frame (as indicated by the subscript), the superscripts used are
those of the coordinate frmes, as defined above under Subcriptsm

Other symbol s

d1 time derivative with respect to inertial frame
variable in the Laplace domain
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SX computed value *
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GYROSCOPIC INSTRUWENTS ANU THEIR APPLICATION TO FLIGHT TESTING

by

B. Stieler and H. Winter *,i
Institut fUr FlugfUhrung

Deutsche Forschungs- und VersuchsanstaltfUr Luft- und Raumfahrt e.V. (FVLR) !.
D-3300 Braunschmig-Flughefen, Iet Germany -

SUM1ARY

This AGARCograph is the 15th of the AGARD Flight Test Instrumentation Series and discusses the use of
gyroscooic instruments to support flight testing. Gyroscopic instruments are used in flight tests to mea-
sure the aircraft angular accelerations and rates, attitude and heading and - in combination with accelero-
meters - the linear acceleration, the ground velocity and the position. This volume describes the measuring
principles, the technical lay-out and the error behaviour of the sensors and systems used for these easu-
rements: Gyros, accelerometers, attitude and heading references and inertial navigation systems. Attention
is also given to ingrated and hybrid sensor systems, as they are in use in modern instrumentation systems.
ExAmples of actual flight instrumentation systems are described and the requirements for the gyroscopic
sensors in these systems are discussed for applications in aircraft stability and control flight tests. In
performance tests and in airborne and ground systems calibration and testing..

This AGARDograph has been sponsored by the Flight Mechanics Panel of AGARD. 4

1. INTRODUCTION

During the last decade the requirements for the instrumentation used for flight testing of aircraft
have become more stringent for a number of reasons. First, the aircraft to be flight-tested - especially
the new generation of high performance air-to-air combat aircraft - and their avionics system have become
more complex with respect to flying qualities and performance. Second, flight test techniques have been
ceveloped to identify aircraft parameters in dynamic flight conditions in order to reduce flight time - in
contrast to the steady state flight test procedures employed before. Finally, new mathematical tools have
been developed to evaluate the flight test results - like Kalman filtering, system identification. etc.
Using these tools more information about the aircraft parameters and their derivatives can be extracted
from the flight test data if these data are sufficiently accurate, well synchronized and contain all re-
quired frequencies.

These factors make the design of an instrumentation system a complex task. In Volume I of this AGARDo-
graph [1.1] the basic principles of flight test instrumentation engineering have been described in detail.
Fo ar thi gyroscopic instruments which will be discussed in the present Volume, we have to concentrate on

"Y the specific problems of these transducers, their measurement principles, range and frequency response and
accuracy. Gyroscopic instruents are used for measuring

- anular rates; in an aircraft referenced coordinate system (turn rate Instrumentation, sensors in
flIght control loops, flight test transducers)

- angles; in an earth referenced coordinate systi (attitude angles, roll and pitch; yaw angle or head-
ing). The gyros are used to store, physically, a reference frame as in artificial horizons, in atti-
tude and heading reference systems or in Inertial platform systems.

For angular rate measurement, the gyro is mounted on the aircraft frame and the sensing element - the

gyro rotor - is subject to the full linear motion and to the angular motion to be measured. The torque re-
quired to slave the rotor to the vehicle's angular motion is a direct measure of this motion and is con-
verted into the output signa. For angle measurement, use is made of the physics of a gyro with rotational
freedom about all axes. The direction of its rotor axis stays fixed with respect to the fixed stars, unless
a torque is applied to one of its transverse axes. The rotational freedom is achieved by mounting the gyro
in a set of gimbals with low friction bearings or stabilization control loops. In this WAy the sensing ale-
ment is isolated from the angular motion of the vehicle and subject only to its linear motion. Thus, the
storage of a reference frame, e.g. north, east and vertical, is realized, which is a prerequisite for
carrying out arlar measurement as with vertical or directional gyros, or for measuring angular motion
and inear acceleration with the gyro stabilized platforms of mnertial navigation system.

The development of very accurate rate sensors with digital readout systems and of fast digital computers
has ide it possible to compute the reference frame by integration of the angular rates. These "strepdown ,1

4systems combine both measuria functions discussed above by providing the angular rates as well as the at-
titude and heading angles wi high accuracy.

An important factor Influencing the selection of the gyroscopic instruments for flight testing is the
frequency spectrum of the angular rates and angles to be measured. Roughly speaking, in flight testing one
may distinguish three frequency ranges.

- High frequency range (up to 100 Hz). This range is of interest mainly in aero-elasticity, structural,
vibration and flutter studies.

- Medium frepoucy range (up to 10 Hz). Main interest is in aircraft performance, stability and control - '
problems. XL' "ilA..
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- Low frequency range (below 1 Hz). Main interest Is in avionics and navigation system testing.

In the high frequency range angular and linear accelerometers and strain gages are generally used. These
will be covered only partially in this volume. Gyroscopic instrumentation is used mainly for medium and low
frequency applications. In aircraft performance, stability and control flight tests the angular rates, the
attitude and heading angles and the linear accelerations in the medium frequency range are of interest. Forthe flight testing of avionics and navigation systems, the attitude and heading angles, the grounJ velocity

and the aircr3ft trajectory have to be measured accurately.

The contents of this volume are presented in the following order: In the second chapter the basic prin-
ciples, problems and limitations of inertial measurements (angular and linear measurements) are discussed.
Ir the third chapter the measurement principles, technical lay-out and performance of the inertial sensors
are discussed (mechanical and laser gyros and accelecmetera). The accelerometers are discussed only brief-
ly because a separate volume of this AGft~ograph [1.2] is entirely devoted to these sensors. In the fourth
chapter special attention is Oiven to the problem of accurate digital readout of inertial sensors. In the
fifth chapter the principles ..A problems of the use of gyros for platform stabilization are discussed.
The sixth chapter describes attitude and heading reference systems and the seventh chapter inertial plat-
form and strapdown systems. In the eighth chapter the principles and technical lay-out of hybrid systems
are discussed. These systems have the highest potential for accuracy, but complicated software has to be
designed to obtain full benefit of this potential. Finally, in the ninth chapter a survey of the spectra
of applications of gyroscopic instruments to aircraft flight testing is given, with several examples ofmodern systems and a discussion of future trends.

The information contained in the present volume has been arranged so that the reader is familiarized
with the principles, technical realization and performance of gyroscopic instruments of different accuracy
classes:

Low accuracy transducers (Chapters 3 and 6)

- Spring restrained gyros and accelermeters with accuracies of about 1 % of full scale.

- Unaided vertical and directional gyros with accuracies of several degrees.

Medium accuracy tri.sducers (Chapters 3 and 6)

- Gyros and accelerometers with electronic caging loops and accuracies of about 0.1 % of full scale.

- Velocity aided vertical gyro, gyroscopic compass systems, attitude and heading reference systems with
accuracies of 0.5 to 1 degree.

High accuracy !sYtis (Chapters 4, 7 and 8)

I-Inertiai platform and strapdown systems providing attitude angles within 0.1 dAgree, heading within
0.2 to 0.5 degrees, angular rates better than 0.1 % of full scale (strapdown systems), ground velo-
city within 3 a/s. position within I to 3 Im per hour of flight time and acceleration better then
0.1 % of full scale.
Hybrid reference systems with higher accuracies than those of i-.rtial platform and strapdowm systems,
depending on the accuracy of the sehisors used to aid the INS (see Chapter 8).

Conventional instrumentation systems for performance, stability and control flight tests in most cases
use three accelerometers, three rate gyros and a vertical and a directional pm of low accuracy (1 % of
full scale for rate and acceleration, and a few degrees of error for the angle measurements). Modern in-
strumentation systems make use of medium to high accuracy inertial transducers and inertial platforms are
coming into general use, especially for the performance testing of high performance aircraft in dynmic
flight conditions [1.3 and 1.4]. For the flight testing of modern avionics and navigation systems hybrid,
integrated systems are required in order to achieve the required high accuracy of the reference systrm.
For angular rate measurement in these systems either rate gyros have to be used, or the platform angles
have to be differentiated. The former method is preferred, because it is more precise. With the introduc-
tion and successful application of strapdokm system, the complete information can be obtained from one
stnele source: the accelerations, angular rates, the angles, the ground velocity and position. For high
precision flight testing under dymic conditions, the strapdom system will be the ideal gyroscopic In-
strd~mtation system. For covering the mdiu and low frequency range external masur ts of velocityand posittion must be made to aid the stralxlow system. *

References for Chapter 1
S[1.11 A. Pool and D. Bosman, Ed. Basic Principles of Flight Test Instrumentation Engineering.t

F vARVoaograph No. 160r Volpit 1n 1974.

"[1.21 I. McLaren Open and Closed Loop Accelerometers.
ftft~ograph No. 160, Volumi 6, 1974.

! [1.3 Jams N. Olhausen The Use of a Navigation Platform for Perfomance Instutm -ent
tion on the YF-16 Flight Test Progre.

AAM Aerospace NMeeting, Pasadena, California, January 1975.

([1.41 E.G. kofflann taereNovivavtl n Systm Flight Testing for Compliance with
Arwoth/inw Oet.gulations. I
Seventh Aninual Symposium of the Society of Flight Test Engi-
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2. PRINCIPLES AND PROBLEMS OF INERTIAL NEASUREENTS

"Newton's liws of classical mechanics are the basis for measuring the two states of motion of a rigid
body, the translational motion and the rotational motion.

A We shall derive in this chapter the formulas to evaluate the output of accelerometers and gyros measuring
the transla'ional and rotational motions. Accuracy limitations will be presented.

2.1 Measurement of Translational Notion
The translational motion of the rigid body's center of gravity caused by the forces acting on the body

is described by Newton's second low

*•j(12 IR

a is the applied force per unit ass including the gravitational forces if the body is within
the gravity field of another body (earth, sun, moon). and

2
- i• the seconu time derivative of the radius vector R from the origin of the inertial coordi-

_dt7 nate fram i to the point of measurement P.
Assuming initially the origin of the i-frame to be located on one of the fixed stars, R to be the distan-

ce from there to the earth's center of gravity and a to be the sue of the gravitational farces of all cele-
stial bodies on the earth's center of gravity, we ihediately sea that Eq. (2.1) is satisfied for the no-
tion of this point around the sun. We may therefore relocate the origin of the i-frame into this point (s.
C1.11. Section 3.4), which is more appropriate to describe the motion of a body with respect to the earth.
R is then the radius vector from the earth's center of gravity to the point P of mesuawemt (s. Figs. 2.1Tnd__b). "

As a matter of definition the axes of the i-frame must be non-rotating, for which the direction to the
fixed stars may serve as a reference. Their relative motion causes an angular rate error of only
<3.10-9 0/h [L2.2]. We assume initially that the axes of the i-frame are oriented with x ponting north,
parallel to the instantaneous spin axis of the earth and with y and z orthogonal to x as shown in Fig. 2.1a.
This axis orientation is in error by the following effects.

The earth itself has to be regarded as a big gyro with a pear-shaped body. Tbeogravity field of the sun
and the moon are exerting torques upon this gyro causing a precession (4.6.10- /h) and a nutation

<(10-1 C/h) of the instantaneous spin axis as shown In Fig. 2.2& (s. [2.2] and [2.3], Chapter 4).

"Furthermore the earth is not a solid body but its mass distribution is affected by meteorological, gao-

physcaland iolgica prceses (ain wins, c n currents, vegetation growth) which cause the insta-
neous spin rate to vary irregulary with tilee (clO O/h). Tidal friction of the sea and viscous dping
between the earth's core and mantle cause it to decrease slightly (0.0016 s per 100 years), [2.2].

The effects Just mentioned also cause the instantaneous spin axis, i.e.,the direction of tnr north, to
migrate with respect to the earth crust as shown in-Ft. 2.2b. If the i-frame is oriented with Its x-axis

Sparallel to geographic north (mean direction of the ear spin axis in the year 190), which is more con-
•" venient than the instantaneous spin axis, and with its y- and z-axes in the equatorial plane, the angular

(introduced by a small component of the earth's rotation rate) of:

w < 5 1 /h. (2.2)

Accelermeters are instruments measuring the accelerations of a rigid body (e.g, an airplane) In the
directions of their sensitive axes. Their output signal in three orthogonal directions is a vector f pro-
portional to the force necessary to balance the proof mass of the accelerometer (s. Fie. 2.3 an Se•tion
3.6).

We call f'the specific for:e" in the following. The sam a of all forces per unit mass acting on theproof mass Ts:-

a - f + S (2.3)

where G represents the %lvitation of the earth including the effects of other cilestial bodies sun, (m2.)

changijg with their relative ositions to the gsint P of measurment. These effects near the suriace of the
earth amount to only (a. [2.1], Chapter 4 and 12.2]),

66.10 S (2.4)

and are negligible In general. So we have with Eqs. (2.1) and (2.3):

d 2 R (
wfh-jjj- ' ere we•introduce 9' only for convenience inthe'sequm. (2S)

We shall now derive the relationship between the time derivatives of the radius vector R with respect to
the inertial frame I and with respect to the coordinate frame in which the measurm nt is carried out. Let 4
us assume this to be the navigational coordinate frame n with its x, y and z-axes pointing north, east and
down as shown in Fig. 2.1a.
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Fig. 2.1 Reference Coordinate Frames, the Reference Ellipsoid. Gravity and Gravitationt and the Golid
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Fig. 2.2 Disturhenc ratio" of the Earth's Rotational Axis with hospect te the Fia Ita" (pttOW
Precession) and with Respect to the Earth (A-1gration of the North Pole) [T.3]" aW[.14

The direction 66 is defined an bein VeMI to UO eaft elu d, wich is the blet mathm-
tical appre ionti. to the pear-oh"si - fte "oee amtW 1.olxca surrace at MRa Wa level
(s. Figs. rlIc and d).

* ~~~It is inclined IWthe geographic latitude 7  ihrsett h Aeqtrial plem. A fm pmerters
hae" to he defloed for the refernc elli"0o

axis (o is Fi.2..6)

-the -- ininor aris (UIn fig. 2.1b)
r s~ 5(1-1 (2.7)



aacceleration with respect5
-at Ietalta

fa specific foree to
(spring force)

6*gravitation Fi
signal proportional to f

Fig. 2.3 Forces and Output Signal in an Acceleromter

- the flattening of the ellips~d
f (R-r)/r - 1/298.247 (2.8)

- the ntmerical eccentricity a
42 .f(2 -fj (2.9)

- the geocentric latitude
-1 r

- the deviation of the normel (h *altitude above the reference ellipsoid. s. Fig. 2.1b)

0 a - - %P f(M - h/RC) sin 2V (smaller then 11.6 arc imin) (2.11)

AC I Cos (2.1'))

- the teridansee radius of ciorvature

R1-0 i p

- the rnvre radius of cureb va tunrleon wihrsctonoh
R Vn'*nt ~ (2.14)

II~~~~ Mhemetian ucrnedinus 1 n repr of th Sedti efreceSsu137

an atheleradimsocratr wt in the recto wihem:t nrt
~~1Ir 2sCo



The rate of change of the radius vector R I rtial from and the navigational

frame is connected through the theorem of bri.ols l2.1, Appendi

d R d ! In Ftn2b nteirilfaeadtenvgtoa• •ir 1n, ÷ L _( t2.17)

This is the total velocity of the point P of measurment with respect to the origin 0 of the i-frame,
i.e the earth's centtr of gravity. Its acceleration with respect to this poInt is given by

2 iin~ in ! '!in n

t
with veirtcal-, horizontal, Ccrioliat centrifugl" accelerations.

Tia total angular rate _wn is the sun of earth rate and transport rate:

in w`4ie e N (2.19)

whera In the n-frame the earth rate is given by:

* ~ (2.20)

with the mgnitude
ie 2W red

Sn - 7.222l • I 6 rod

1 15.041 067 arcsc (2.21)
The transport rate and the total angular rate of a vehicle are in the n-frame:

(c4 )cos VE/eiph
N/1 (.¢o,) JIn . " • " . (2.22&,b)

with the rate of change of geographic longitude A. of celestial longitude A and of latitudegtwiven by: 1
VI

LA ,(os . A• (2.23,.b)

* N (2.24)a. T. v

It should be pointed out that in these equations RE are not the coponents of the radius vector R but
the radii of curvature of the ellipsoid (s. Eqs. (2.13) and (2.14)).

The relattonships for the acceleration (2.18) simplifies considerably if we introduce the velocity of
the point P of measurement with respect to the surface of the reference ellipsoid:

dRis 
(2.25)

which, expressed in n-frame coordinates, is:

In VOE n! cc"#]
Al 0") .x" v5 + 1 x.P.ý* (2.26)

The last tens on the right side Is compoumded with the gravitation 9 in Eq. (2.3) to give the grovit 2
as shoeu in Fig. 2.1b:

I I u-



So we obtain for the specific~ force vector f necessary to balance the proof aus of accelerometers on a
moving vehicle:

f - +(Zwia ?nW) x V (2.29)

which Is valid for any reference coordinati! frame r when the subscript or superscript n it replaced by r.

The angle y,. by wtich the gravitation 6 is inclined abojt the east axis with respect to the gravity Ij.

YuW %in 2* - (smaller thin 6arc min). (2.30)

The meaximu difference in magnitude between gravitation and gravity is at the equator:

1- ill a W (I1+ cos 21 ) 13.4 g D- . (2.31)

Gravity chne with position. not only because of the centrifugal acceleration, but also because gravitý-
tion itself is a function of longitude and latitude due to the inhomoqenvous mass distribution of the geold.

Its absolute measurement is only practicable in few places, since it requires much expense. Its Wea-
tive measureet is easy to achieve on land by means of gravimeters, buat again difficult on see which co-
vers 2/3 of the globe. Satellite observations frccz different places on the globe have opened additional
means of defining gravitation, but the results art more or less integrated over a certain area.

A survey of methods and problems to describe gravitation G mathematically as a function of latitude and
longitude is given in L 2.6, Chkpter 4 ). It is shown here tfiat it is possible to assume 6 as a function
of latitude onli', if one neglects terlas of the order of 10-S g. The results of satellite ausrvations are
sumarized in 1.]

Out of the parameters laid down~ in the Geodetic 1leference System the following formulas are derivable
for the magnitude of gravity at sea level (h *0) and its gradiesnt:

g(o) a 978.0318 (1 , .3024 .103 sin %P 5 .9 -106 sin2 21) Gal (2.32)

I&1 U * -0.306 77 (1 - 1.39 .10-3 sin2P) sal/M (2.33)

4Mre, in honor of Galileo

IlGal - Icm/s 2  (2.34)

Gravity ji is comeInly oriented "down" in the navigational coordinate from i.9. parallel to the norrAl of
the reference ellipsoid. The "deflection of the vertical" due to the inhomogeneous mass distributiop is com-
prised in the anyles ni about the north and C about the east axes so thet

R -n 1)T (2.35)

fc', which F42._2.4 shows some rt~ults of satellite observations [2.4]. The deflection of thse vertical de-
creases wi~li-iT !Tudv unt I at 10 000 Is it reaches aj.roximately hAl of ttýo maximal values shown in this
f i!wre.

~~~~ . .j .g .4 .4 .4 4 . 4 .4 .a .4 . ...

Ii Scale -10 arc sec

F j ig. 2.4 Deflection of the Vertical at Sea Level in arc sec (total amount v) (2.4j



,_, exact knowl edge of the magnitude ofgaiyII - seta ortsigaclrmtr eo

There for ith is ofation sfficent to ass ray

the nirtion in the horizontal channels does not dlope on the computation of the magnitude of g

g(h) - O(o)/(1 + h/1)

with g(o) derived from Eq. (2.32).

For high accuracyhrnulieta navilation as In marine appliction. act @1wefoo t;*de-
flection of the vri alde bacon iprtan . This statement Is szre bre na a certain sense: he
the 100,4a4reo t of the deflection of the vertical inertial navigation systems do beoeincreasingly im-
poren

2.2 Neasiarament of motationa; Notion

Newton's Secon law, aplied to describe the rotational motion of a rigid body~results in the formula
C2-.1 Chepteri 3.S and 3.6]:

~ , (2.37)

where N is the torque vector applied to the rigid body and N is the angular momentu. vector, comuted from

N -j Wib. (2.38)

The syommtrical Oinartia tensorl j is comosed of three mOments of inertia J~Mand three "products of
inertia Jj,4 (1 - X.y.Z and X.j .y2):

(2.39)

v v[~~~ 2 th 2 theY2 b y(eintda eo rdn o

ixy x do J yz doixt x dm.(2.42 -)

the caeti s orienaytapprofit this foryinstancexas the angdu lar momientia, vaish contt withrepcte

N j ir (2.41)

Thshoin tatxths sren c allowspicia u *s tomasr the angla rthe *pfithea carwseo withresetiateinrta

frwe bpyin m heaso theor retof toriol e NZ. Apwi Qt etnsrttoa a o ii oy(.7

TnaWr he reader is refrreto(2. ad. alor i2.1]nfor an deeer insghta iomntum g irscopstac wtheory sec antop

th catio .sowmaaprxmtthseuinby
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2.3 Accurac, Limitatiahs of Inertial teaserawets

The accuracy of inertial weasvrwments is limited by the following effvcts

- fundamntal limitations
- technical imperfections

N Onvromentai liiaionsunc s grvt effects from the son and moos. migration of the north pole, tin-
perfect knowledge of the earth's groavity field etc. discussed above, cause veysmI errors in comparison
with the other effects. Typical values for such errors; are gives above anW in Nt. (28) at:

6WtS 10" /h with the mi1oration of the north pole not Modelled

6W.< 2 10" 0/h with the migration of the north pole modelled (2.44&.b)

V f 10's g with grevity anomaies not modelled

df < 2 - 10-7 g with gravity anomalies modelled. (2.45a,b)

Technical imperfections. such as friction, electronic noise, spurious torques, manufacturing defects,
finite riesponse times . etc., limit the Measuring accuracy of the sensors. out inertial technology his
reached such a degree of perfection in the lest decades that sensors with sufficient accuracy and dyna-
mic response for almost all flight test applications are on the market. Typical values for these errors are

am 103 */h (2.46)
6f f16 gS (2.47)

Envir onmentl influences such as the undetected motion of the foundation (s. Fig. 4.2.5). tempereture de-ii pendence. vibrations can present severe problems. Proper selection of the sensors and careful analysis of
the envirommental conditions together with calibration and compensation techniques can help to reduce

thse errors to a large degree.

Calibration and coopensation of the sensor errors are based on a proper eror model. Emphasis is placed
anthe derivation of this model in Chapter 3 and on the error comensation inChapter 7.

For digitizing the measurement of the inertial sensor techniques with different accuracy potential can
be applied. Also certain mathematical rules have to be observed which again are the basis for the signal

preparation and readout frequency. These problem are discussed in Chapter 4.

of redundant measurements based on a different technology (cinetheodolites. radar, VOR, ONE. Dopipler radar,
etc.) for a continuous Inflight calibration of the i nertial sensors. This method can produce a considere-
ble ipprovement in accuracy for flight test data evaluation.

Pfereftes for Chapter 2

[21 rj*.W. Gyroscopic Theory. Design and Instrumentation.
olitr, II. N. The MIT Press, Camridge. Neass., 1969.

(2.] 4"ler 1.1.spherical and Practical Astvomomy as lied to Geodesy.

ses . Vol. I -r ntsCon3.l

(Editors) Smithsonian Astrpyical Observtery. Special Rneport 200, Camridge.

[2.6) gritting. K. Inertial Nvigation Sse nlss

12.7] of the 1st Istgrmatiemal $ymestum en Inertial Technology
fo Sveing A edsj. Ottea, Camads. 12 -14 Otbr1977.

(2.8] Nayto, N. (Editars) Mmvigtiom Systes
Fried. ~ ~ ~ ~ ~ an V.R *ias .MlyO m Inc.. Now yert, 1944.

(2.9] Spimger-Varleg, Derlin, 1971



3. INERTIAL SENSOR

3.1 Syvoscopic Senisors and thoie Application

Ile mechanical gyro with the rotating wheel end the "loptl gyr will be subjects of this chapter.
According to the angular !oede of the spin a"is with respect to the cas as F1 3.1. on itigihes

bewensigl-egeeo-fgros and lio-der-ofrdm(T) .s basicalI' anangulr rot sensr ando an attiwee rilferec sensor, but Tab e 3 .1. shows both sensors
are not restricted to these specific applications.

rieof Sire "Oft Application-

'I le-degroo-of-fre-I= spring restrainedtunIdcor
W ) o WSeno In control loop,

sensor for flight test
analog caging loop sensor in control loop, sensor

for flight test. sensor In low
to mdii. accurac~y strapdown
attitude or navigation systemt

*pulse caging loop as with analog caging loop
but potential of higher accuracy

uncaged stabilization sensor for platforms,
sight-lines. guns'etc.

conventional two-degree-of- tmcsged stabilizer in low to mediam
fredo (TOV) gyro accuracy attitude andhedn

reference Inst oents as arti-
ficial horizon and compass gyro

conventional and dynamically analog caging loops or as SDW gyro but only one sensor
tuned TVF gyro pulse caging loops or uncaged for two axes

but null sensor in stabili-
zation control loop

electrostatically supported only unceged mode possible null sensor for platform stabili-
gyro zation in high accuracy INS;

reference for attitude with
respect to Inertial space in

other mechanical rate sensors no caging loop required in generl Ilow to .edium accuracy
angular rate sensors

optical rote sensor, no caging loop requred preferably high accuracy rate
laser gyro end angle displacement sensor4; in strapidw system

Table 3.1.1 gyroscopic Sensors and their Applications

The SW an spans the, whole spetrum from the conventional angular rota sensor for control and flight
Stest purposesto the use as a stabilization sensor on attitude referenc platforms or inertial navigation

platforms. and to the use as a highly accurate rate or angular displacement sensor in strapdown systems.

The TOFgyM~ cower the sam spectrum but is also used as a simple attitude and heading referenc whe
the iniUsnot equipped with a special stabilization control loop but stabilization is achieved by
"uas of the spinning wheels ampler eomantum which hes an effect similar to that of an inert ass. The
accurecy of the Instrument in this mods is affected bythe friction in the gimbal bearings. Very cleve

techical solutions exist to keep this frictie on .ohravreofcscm ytegma s n
Oimbal lc'l tteacrc nanuafreooft TV gyro with angular meant=m stabilization.

TV gyros without sisbal suseeniam of the rotor exist in the fellowing versions:

-TOF gro with limited =ampl freedom of the roter with reapect to the case. Fig. 3.1.2 thaws two
exa.l as. the TV gyro wit spherical gas bearng and the dymencally tuned gWMETW~lold 'dy
gro ,which his to a large degree replaced the SW Wo in stabilization loops,

-TV gyro with unlimited amlartreedom such as the electrostatically sTpportd gyro (ENG) Show in
FIg. -3.1.3. Th ~phrCal roter of th M5 spins in an evcamted case and Is Sumpo-ted by oelctrosta-
sit. TInt this mden friction has been suppressed to a very large anten't en the gyro, onIce
brought to Its nominal spin rote, runm withoot drive for months. The EM serves as a sabilisatimn
sesorm for high-accurecy Inertial navigation platform as well as an attitude reference in strepdmm
systems.
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Their application is limited.

There are gyros classified in Teble 3.1.1 as "other mechanical rate sensors, . The following physical ef-

facts are used in these mechanical rate sensors:

- he 'eaction of liquid metal within a spinning torus to a rotation normal to the spin axis generating

nan angular acceleration within the torus (Honeywell s agnetohydrodynamic ( rs) Two-Axes-Rate-Sensor),

the reaction of an oscillating mass to a rotation (Honeywell Vibrating Wire Rate Sensor, tuning fork
rate sensor),

the deflection of a gas Jet due to an angular rate normal to the jet flux (Hamilton Standard Suporjet).

The ia rate sensor have a great potential for future flight tests and navigation. They use a ptn-
ttonl efrect frs emonstrated by Sagnac in 1913 with a ring inttrferrmeter. Angular rate with respect to
inertial space can be measured if two light beams travelling in opposite directions on a circular path in
the plane normal to the angular rate to be measured are brought to interference. This physical effect is
utilized in optical rate sensors or in optical rate integrating sensors, the latter being commonly known
as ring laser gyros.

There are other proposals for angular rate sensors, such as nuclear magnetic resonance (FUR) gyros. To
the authors' knowledge they have not passed the laboratory state. They aro not included in this description.

The following discussions will mainly concern the conventional qyros with spinninq wheels, which for the
time being have the widest distribution in flight test, control and navigation systems. The reader's atten-
tion is also drawn with emphasis to the ring laser gyro which opens new aspects for flight test measurements.

3.2 Basic Performance Equations and Error Sources Conmon to Mechanical Gyros

In recent years strapdown systems (s. Chapter 7.4.4) have reached a rather mature state of the art as
attitude and he ading and avigation systems and they will also certainly find more and more favour as flight
test systems (s. Chapter 9).

High accuracy angular rate measurements are the basis of any strapdown system, which makes it necessary
to derive the deterministic and compensatable errors of a mechanical gyro in detail Since both, single-de-
gree-of-freedom (SDF E and two-degree-of-freedom (TOF) gyrosare used for this puroo l. their dynamics and
deterministic errors will be derived coimnly in the next two Sections 3.2.1 and 3.2.2p thus opening the
way for a better comparison of their application for this task discussed in Section 3.3 and 3.4.

The reader not interested in high accuracy performance of a mechanical gyro in a dynamic environment
or the reader in a hurry will certainly find a way of scanning the next sections to familiarize himself
sowe definitions and to arrive at the section of his interest. The results of Section 3.2 are listed in
Table 3.2.1. for the SDF gyro and 3.2.2 for the TOF gyro.

3.2.1 The Performance Equation of Mechanical Single- and Two-Degree-of-Freedom Gyros

The derivation of the mechanical gro'Is peirformance equation will be based upon Newton's l aw for the
rotational motion (s. Eqs. (2.37) )atd( 2.42)

T T

_ _.' Wg H (3.2.1)

which will be applied to the gyro element shown in Fig. 3.2.1. M is the torque vector acting on the gyroelement. HT is the total angular momntum vector an"

_or denot -t, derivative with spect to the inertial frame i or to the olement coordinate
•:frame g, respectively!.

Gyro Element Gimbal Output Axis, 0;
S(also second input axis

Rotor s in TOF gyro, s. Fig. 3.1.1)

SRotor Oft ve

' n H, Spin Axis, S

Input Axis, I;
(ylso second output axis in TyF gyroe s. Fig. 3.1a1)

Fig. 3.2.1 Gyro Elemet Coordinate Fraem and Notation•'r: •"4 '"
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According to Section 2.1 we may, for most man-made instruments, establish as the inertial frame a coor-
dinate frame, which is nonrotating with respect to the fixed stars and located with its origin in the
earth's center of gravity. Its axes are oriented as shown in Fig. 2.1; its x-axis is pointing to the north
plane. The g-frame shown in Fig. 3.2.1 will be assumed as an orthogonal coordinate frame with its origin

in the center of support of the gyro element. Its Sg-axis is aligned with the spin axis of the rotor and
the I - and ag-axes are nonspinning and are aligned with the principal axes of the gimbal element such
that products of the inertia tensor ( (s. Eqs. (2.39) and (2.40)) vanish.

With the SOF gyro the Oq-axis is in general collinear with the gimbal axis, which again is approximately
parallel to the torquer axis (s. Fig. 3.1.1a). With the TOF gyro the axes-orientation depends on the con-
struction (s. Figs. 3.1.1b and 3.1.2). We will assume that its Ig- and Og-axes are close to the torque
generator axes.

Superscripts will be used in the following as physical characteristics and Wig means "angular rate of
the gyro frame with respect to the inertial frame".

The main contribution to the total angular momentum vector HT is Hr of the rotating wheel. It is. in the
gimbal coordinate frame:

-1Hr 0 (3.2.2)

with I - rotor moment of inertia about the spin axis and w•- angular rate of the rotor with respect to
inertial space in the direction of the spin axis. It is c4osed of

mt. W rSg (3.2.3)

where Jg is the angular rate of the gyro element with respect to inertial space, is the angular rateSg &g•
of the motor's magnetic field vector with respect to the gimbal element and is the angular rate of the

rotor with respect to the magnetic field vector. We will use as short-hand notation

n or . • H - In. (3.2.4a.b,c)

For inertial grade instruments the rotor speed n is carefully kept constant and is in the order of 400 Hz
and H in the order of 10-3 to 10-1 Has. We will define as spin angular momentum Hs and as gyro element an-
gular momentum H3. both in the 4g"-frame: ig ig

00 0I (Wg

H o [ o • " Hg( . J , (3.2.5a.b)

where j is the inertia tensor mentioned above with components J 10 1, the moments of inertia of the to-

tal gyro element (e.g. gimbal plus rotor for the SOF gyro).

The total angular momentum vector in the "g"-frame is thus:

H- Hs + A (3.2.6)

Before going more into details of the performance of a gyro in a high frequency environment, let us
briefly review its performance for low input frequencies, when the spin angular momentum is predominant
(H6>>H9) and constant with respect to the g-frawe, i.e.

dH5s
j1 =0.

With this assumption Eq. (3.2.1) can be written in the g-frame as:S~~~dHg igS

N "6ig ix lis (3.2.7)
-g 20 -9

where this is the this term causes nutation this term describes the
torque applied to in a TOF gyro or time lag gyro element low frequency
gyro element in en SUF gyro response, e.g. the precession

in a TOF gyro.

Eq. (3.2.8) is the basic law of motion of a practical gyroscopic element, which simplifies for low input
frequencies to:

N ig (3.2.8a)
-9 -9 -9
For the evaluation of vector equations in components the matrix notation is useful. We define an wx m-

trix (s. t3.1] Chapter 1.9):

Sdl ,,,•



~eS ig

us 0 -1(3.2.9)

and Eq. (3.2.8a) reads:Ii Ig(3.2.8b)
Evaluated in components we obtain:

~ ~~uH ~(3.2.8c)

As short-hand matrix notation for this two component vector we will use

=H 1 wig. (3.2.8d)

whiere the skew symmetric unity matrix } (3.2.l0a,b)

takes into account a component and-sign conversion of both sides, as with the torque and angular rate vec-
tor of a gyro. From Eq. (3.2.8d) and (3.2.10) it is easy to obtain:

* ig I~
I =-i gj. (3.2.11)

Eqs. (3.2.8) and (3.2.11) are the practical gyro element performance equations relating the torque M
applied to the gyro element and its aingular rate wi'g wizn respet toinertial space. They may best be T~er-
preted in the following way. If a torque vector M-or angular rate vector w is applied to a gyro, the re-

* sponse vector - angular rate vector w~ or torque Vector N - is orthogonal 'to boththe applied vector and
the anqular momentum vector H and difected in the sense~which would take H by the shortest way towards the
applied vector. Fig. 3.2.2 gTves an illustration of this interpretation, _Rhere we have to keep in mind
that in the seogc-a-s-e a response torque indicated is the negative of the torque applied to the gyro
element.

0 fn 0

H

___ _ _H

N applied: v applied:
Direction of response angular rate: Direction of response torque:
N vector is 0huntingm t~a input acts so as to take the H vector by the shortest
Torque vector N caused by mass a way towards the ihpuat angular rate vector w:1 Fig. 3.2.2 Illustration of I.he Gyr Reaction to Input Torques and Input Angular Rates

- I For strapdown gyros and systems. however, we cannot restrict our attention to low frequencies on-
ly. We also have to remaber that until now we have carried out the derivation in the g-frawe which has

j anglar reedo abot one(SIFgyrV or two amw (1W gyr) with respect to the gyro case. The correspon-
ding pickoff angle depenfs o0'h Input angular rate applied to the case, the t=qu appl ed to the gyro 7
element via a torque generator and on the sensor errors. This angle is converted into teoutput signal.
We will derive in the following the dependence of the pickoff angle on the input signals and sensor errors.

V,- *
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For this purpose coordinate frames have to be defined carefully because for high precision measurements,

such as in strapdown systems (s. Chapter 7.4.4) where the angular rate measurements of the gyros are used
for navigation purposes, misa igmnts of the order of arc minutes cause errors which may greatly exceed
the required 1/100 O/h drift.

We will assume that the reference coordinate frme (subscript *r') in which the gyro is used within a
system or on a test table is an orthogonal frame and that the axes of the gyro elerent coordinate frame
are out-of-aligrment with respect to the r-frame by the small a&les XI OS. It will also be assumed, at
least for the moment, that the origins of both frames coincide. he angle XI 0 S are composed of the time
varying angles J;tS describing the angular freedom of the orthogonal gyro e1•nt axes (S. Ftg. 3.2.3)
and the misalig angles %1 OS (s. Fig. 3.2.4). The smallness of the angles allows us to troitthRW as
vectors ([3.11, Appendix : 3):

xI e A •. (3.2.12)

The angles aZ 0 S may be due to imperfect mounting of the rotor within tUP gitmbl and case, backlash of
the gimbal pi fot in the jewel bearings or misalignment of the gyro case with respect to the reference fra-
me (s. Fig. 3.2.4).

The transformation matrix between the gimbal element and the reference coordinate frame is:

.i r g . X S - -" X•• rI + _CT + i ( 3 .2 . 1 3 &, b )

where I is the unity matrix

A third coordinate frame has to be defined; it is the one in which the torque is.applied to the gimbal
element via the torque generators. With the SOF gyro the torquer axis in general will be parailel to the
case axis and to the gimbal axis. Misaligrmient my result from backlash in the gimbal bearings. With the
TOF gyro shown in Fig. 3.1.2 the torquer axes are defined by the torquer coils. Their directions are sub-
ject to manufacturing inaccuracies. In practice the final adjustment of these axes is carried out electri-
cally. We will assume that the torque generator coordinate frame (subscript "t"), which Is nonorthogonal,
my be misaligned with respect to the reference coordinate frame (by the small angles Bij (i - 1,0,S;
J a I.0,S; i ' J). The transformation matrix between the two frames (s. Fig. 3.2.5) is:

irt" O • • = 80+ -00t" BT (3.2.14)

qn (e3.2.1) expressed in the torque coordinate frame. iLth the input signals w cor~tained in Q expitussed
intereference coordinate frame. becomes:

a(_M d s + "9) + g Er . g (H 9•,(..
!!t t9 ; .;g -" tg -h lg _ +. it, s + _gg (3 2.5

Ctr(r xH)and itg. CT . Egwherr we have made use of the relati•onships Jtg(!% x H.) - Ctr(rx r) n rtg=ct.;

Considering the freedom of the am element to move %ith respect to the qyro case, we split up P into

where

c (3.2.17)
Yic.[ia0

is the angular motion of the case with respect to inertial space in the Oru froam. Similarly

cg cg (3.2.18)

is the motion gf the.gyro element with respect to the case in the reference frame and equilly in the gimbal

frame when products ox X are negligible.
Torques acting on the gimbal elements (s. Fig. 3.2.1) are composed of:

- the restraint torques N

the command torques Nt or comand rates wt applied through the torque generator

t AtNat ( .3.2.19)

and the disturbance torques tocausing gyro drifts!' to be derived in Section 3.2.2,. they act in
Iaddition to the terms of Eq. (3.2.16),.
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Hd D' D. (3.2.20)

"In susmary

" + + ,(3.2.21)

Introducing Eqs. (3.2.5/6/10/12/13/14/16/17/18/19/20/21) into Eq. (3.2.15) and reordering it such thatthe terms governing the interior dynmitcs of the sensor are combined on the left-hand side and the terms
acting on the sensor are combibwd on the right hand side, we obtain the iorfonnce the next
page which is valid for the sensitive axes of single- and 1wo-degret-of-irredom gyros, Weo hWv neglected

.Jn this derivation prodlucts of 9. a. s.

3.2.2 Additional Error Sources in Mechanical Gyros

3.2.2.1 Unbalance Drift

When the center of gravity of the gyro elemant in Fig. 3.2.1 is separated from the center of support
(i.e. the origin of the Ogw-frama) by

r (r 1  r 0  rs)T (3.2.25)

and the acceleration vector g' acting on the center of gravity is (s. Eq. (2.5)):

j' (gi g9 gi)T (3.2.26)

we obtain as mass unbalance drift Du and with its time integral the error angle •u per velocity increment

xrs 9 + r, 1s - 9u t' .- &v • (3.2.27a.b)
"-rs g, + ro g'J

The mass unbalance drift or "g-dependent drift* defines the accuracy requirments for the calibration
of gyros. The mechanical compensation is generally in the order of magnitude of d - I O/h/g.

For a gyro rotor with a diameter of 5 cm, a thickness of 2 cm ad an agular rate of 24000 rpe the
distance between the center of support and the center of gravity may oanly amount to:

r < 0.4 lJm. (3.2.28)
The high quality gyros have special mans to achieve this adjustment (s. Fig. 3.3.8).

According to the rule of thumb in inertial navigation the gyro drift has to be below 0.01 0 /h for a navi-
gational accuracy below 1 km/h. This number will be proved in Chapter 7. The difference between the drift
of A O/h/g that can be obtained by adjustment and the required drift of 0.01 U/h is electrically compen-
sated. In this regard the g-sensitive drift is considered constant, as. on an average, an aircraft is sub-
ject to only 1 g acceleration. This kind of compensation works only under the condition that the position
of the float's center of support and center of gravity are stable within 1/100 of the above mentioned
value. i.e.

Ar a 40 9 per d - 0.01 °/h/g. (3.2.29)

3.2.2.2 Anisoelasticity Drift

This distance r between center of support and center of gravity can vary with the force acting oan the
center of gravity-by (s. Fig. 3.2.6 for Kta ' 0 only, with i - IS):

r K11  KIO K S13  9( g 1Lr. m.O.g -ml CKos 9~ (3.2.30)KS*, KSO SS
•KsKs• sJjIg'sJ L

II

Sno acceleratilon acceleration g' acceleration"1'1

S. mar x' le - I 01 'm(lS-KII)lg')2 '''•"

Fig. 3.2.6 Effect of Antsoelesttctty
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where is the camp1iance tensor. So we obtain as anisoelasticity drift,

a -02 .2 KS~qj2 K1 3gj' - ('SS - K1 1) gigi - KS~gjg6 + I

The anisoelasticity causes a static drift in a vibrating environeent. Its minimization puts a challenge on

Isoelastic bearings have a contact angle of (s. iL. 3.. n3.21 and .3)

Fig. 3.2.7 %earings of a Gyroscope Rotor

3.2.2.3 Motor Huanting Drift

The drift due to motor hunting, i.e. in Eq. (3.2.22) the terms:

n( W WS(L) s]. h (3.2.33)

may cause trouble at higher input frequencies in single- and two-degre*-of-freedon gyros. The rotor may
Oscillate with respect to the constantly rotating magnetic field vector at higher amplitudes. especially
if the damping of the motor is low - as for instance in hysteresis motors - and the gym case is vibrating
about the spin axis near the huntingfeuny For hysteresis motors this is in the range of 1 to 10 Hz.
Modern strapdown gyros use motors wIth elecroic Speed control. This control network raises the da~ing
to values of C - 0.2. approximately. Fig. 3.2.8 is valid also for these motors.

R 0 For * 0: I 7 FO *

-3

0

-2

41 i
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The dynamics of tk! relative motion betweeN rotor and magetic field vector due to case vibrationw

about tOm spin a"is is comarable to that of the balance wheel In a wrist witch (indicates Laplace dolim.)

I n~ .n 2

with the natural freguenc ant. the domine ratio C.

n-(K/J)112 C onu

the real part ftand the imaginary part to of the transfer function
With ol t 6. %in2ft and us sin gwft+*)owe obtain for 0.* oean hunting drift:

4.0 Zs (A Cos* +. to sin 0). (3.2.36)
where PAand to have to be taken from Fig. 3.2.8. No approaches -1at high f anI"s, when the rotor can
no longer follow the gpo case vibration about the spin axis. to is different ra aro only in the neigh-
bourhoo of the resonance frequency. The coqen sation of this error is discussed In Section 7.4.4.

3.2.2.4 Errors Oue to Gimbel Meiring Friction in 5SF Gyros

In floated 5SF and TDF gyros the gyr element is In general supported by pivot/Jewel bearings or bell
bearings. Uncertainties due to the friction in the bearng mayrise, primarily if these gyros aer used
in strapdaun systems (e*g. 5SF gyros).

F1.3.2.9,ho the forces acting in the gimbal bearings of an SOF gyo e ~oan angular rate about
teama xis (F: H tbc.Thes agin cause an uncertainty torqu.(. rM-bi~l)F,, :and angular rote

insensitivity (6 , * /H) of twice tah~emount of the friction effect in one diretion (.fig. 3.2.1~)

If
Fig. 3.2.9 Forces Acting on the Gimal Wearing in en 5SW-4yr and Causing Friction Torques

a) 6

J~L Iq-'N.w NJ

Fig.3.210 ffSt of Friction Torque in an SIFyo am the Wtut Chracteristc n-~n -~

Ambelamee Leap (a) an 8imesy Mseuidth-Nadmatiom lbbelamce Leop (b)
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f Sol b L11h (3.2.37)

Moere we used the following values: for the friction coefficient pa w 0.01 (tungsten carbide pivots [3.41).
I.for the pivot diameterb a .05 m and for the gimbal length c 5 c.

So for we have assumed that the SOF strepdown gyro, with gimbal friction is equippd with an analog
liltcaging loop1, where the torque N of the torque ganeretor is proportional to the input rate wq. If the cag-

from the negative to the positive direction about the output a"is by moans of tomqe pulses. the son of
which is proportional to the input rate. Friction reduces the torque pulses by PIT resultirl in a drift.
or a scale factor error of (a. 1%g 3. .10b)

0~ f , Ot *. kW0 ppmow 10 A.u (3.2.36a.b)

3.2.2.S Errors Due to Nydtodynaic Effects in TDF films
Tefollowing considerations apply only to the "free rotor gyo(FIB)* and the "OIynamically tuned gyro

(0TS)" shown In Fiqs. 3.1.2's and b and not to the gimballed TF roshown in Fig. 3.1.1b. The FRG and the
UTS exhibit error sources due to constant and changing misal igiments (X - 9 a, s. Eq. (3.2.12) and Fig.
3.2.3) of the rotor and the motor shaft with respect to the case. They are called "gyro spring rate coup-
lig errors" acting as direct and cress-coupling components whereby:

- the direct coupling drift terms dil XI and d&0 yO are primarily due to hydrodynamic viscous shear
torques and motor torques and

- the Cross coupling drift terms djLX andrdA1 XI are primarily due to hydrodynamic pressure torques
and electramagnetic interferen e ro.r torquer and pickoff (s. Fi.3..

Motor Torque Causing Direct Coupling Drift

Viscous Shear

Torque

Lower Pressure Than on
Other Side Causing
Direct Axis Torque or
Cross Coupling Drift

Torquer motor Stator Torquer

Fig. 3.2.11 Direct and Cross Coupling Drift in a Free Rotor Gyro

To include these terms into the performance equation for the FOG we have to introduce into Eq. (3.2.22)
as additional drift co on Ut:

-ds d5 01e 1  +.II(.3)

It will be shown in Section 3.4.3 that these drift terms affect the dynamics of the sensor and caus
the misaligned gyro rotor to carr out a coning notion which spirally converges to its equilibrium. The
tin constant and the parod of tis motion are for the Autonatics G IOBFINtl3.51 whose torquers are
placed in a way similar to Fig. 3.2.11:

T1 1 -1/ 1 1 *Too 0 so T10 , /d10,To, *S s- (3.2.408.b)

This gyro is fairly Sensitive to rotor misalig - nts since the periods TI0 and T*1 are =all. Othe
Automatics FW's have larger values for these periods. In a DI they can be easily Increased bypoely

stigthe tunin frequmcy, i.e. by causing the residual negative or positive apin comstant du to is-
Sttning tocancelld1 0or~ di. This will be discussed more In detail in Section 3.4.6.1am this re et the
OTS is rt h I uiaarsnst '00U 0/barc-sec are maft on standard MI'S and
0.0002 074rc..soc is achievable.IThe stabil it of the direct amd crass couling drift depends en the tighime of the rebalance loop am
the stability of the pickWf plane.
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3.2.2.6 gyro Scale Factor Error

-f mcaical s are used as ang)lr rata sensors, they aria in general equipped with a rYaac
loop through an ricnetwork rathe gyro pickoff to the gyro torquer, as described in Section
3.3.3..' for the single-degree-of-fieedam gyr. The rebalance loop acts similarly to the spring in Fig. 3.2.2.

For low input frequencies the torque Nt of the torque gownertor which drives 9 to zero is a measure for
the input angular rate aminus gyro drift discussed in the previous sections:

Pi H-(",-D. i h yth cl atr o (3.2.41s)
Th oqe again ireaetotecretIbth oq saeftrSorhecosmand rate

scale factor SO
t . t I S .(3.2.42)

In general the commnd rate scale factor is called the torquer scale factor of the gyro. We thus obtain:

The corresponding output voltage u *RI taken over a precision resistor is,

u W u N - 0) rn aT (*I - D). (37-1b
ur-ftSEin 0 *- (uT -0 - (WI - 0).- (3.2.41c)

The actual gyro scale factor is thus:
5t .S, (3.2.43)

The nominal gyro scace ItLtor SK used for the evaluation of the output voltage u is based on the nominal
values of ft'. MWcand'Sty and is in error against the actual gyro scale factor S (by.4a

S" - S f, 4 ). (3.2.44b)

The neasalred angular rate is thus:

E.(3.2.44a4shows the dininant role of the linearity ard stability of the torquer scale factor St and

A tpicl mdelfor the scale factr error of mechanical inertial instruents in the electrical rebalan-

:e mode of operation is given by (s. 13.6]. Chapter 2, Eqs. (10). (41) and (62)):
c. aC 'I ,n 46 KWIK (3.2.46)

where, as Illustrated in Fia. 3.2.12:une t nt eofhercioneitoj fte:g-

If C basic "fixed" scale factor; dpends primarily on the torque generator stability. hysteresis
and temprature sensitivity. which for Samerium Cobalt magnets, a c-monly used material in
permanent manttorque generators. is in the order of magnitude of

a 420 poPWK; otidrf:(3.2.47)

K a scale factor asymmtry errr. when the positir scale factor S +is different from the negative
oneS' and acommn value is used for both. K causes arectified drift if the sensor is exposed
to a.vibrating enviroese~t; f rn sia01 n hft weobanteflwigsndf:
"I5 .1 1(LjL

or the requirement that
S + -S 10 popfor *I I /5MdDW 0-01 /h.. (3.2.48)

K lnK" linearity error that modify the scale factor error under high rates. they depen aog others:
~*on the tightness of the rebalance loop (small pickoff engle minimizes the electromagnetic

interfearence between roter. pickoff MW torquer)
- md also en the torqrdsg nabnr pus-wdth modulaimn rebelance loop (the torque

pulses may cause edd currents depending am the Input signal [3.7]).
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Senso WWpu Vdtop Scole Faftr Error
Evalution I lie

we

- w e
/ 4a1
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We

a) fixed scole facior errw

U

(a

U

.) •sy nmeity scale ftor t 5M
c) inebndanrity scale fato erro

mesurment based on octual scole ltor S

Fig. 3.2.12 Gyro Scale Factor Error Model

3.2.2.7 Errors not inclde in the nalysis

There are error sources which very fr sensor to sensor and which can hardly be analysed in genaral.
It" stable from test to test, they can be modelled empirically. Som of them are listed below. The may be
due to

-a residual sprIng torque of the pig tails", t.e, thin current ld from the g case to the
gimbal element "~ ~ .lasgr

tic- interferences from the pickoff and torquer; they depend on the aInge between the gyro case
engthe sensitive alem Snt. i.e. on the stability of the pickoff plane

temperature changes, especially in floated gyros. where the drift due to ass unbalance depends an
t h t oi p ar st, ur e. 

.

the flow of the flotation liquid due to tempature gradients in floated gyros, where the gr ale-,
meIt is kept buoyant in the liquid (s. Section 3.3.3)

-the uImmerc flow•of the ga in double intagrati Mot a th gr ele t Is k buoyant
-by a s of a hydrostatic gas ring (s. Stion w t yt e a
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-the sensitivity to vibrations at spin frequency when the rotor has uess unbalance

-the sensitivity to vibrations at twice the spin frequency In dynamically tuned gyroscopes (OrG. s.
Section 3.4.4)

j ~ the random torques, due to bell bearing noise. for instance (random errors, due to the digitizing pro-

3.2.3 Summry of Deterministic Errors and Cmnts. on their Compensation

The results of the previous sections are summarized in the Tables 2.1La to .2.1 on the next pages.
As compare to Eq. (3.2122) toerm of no significance have been omitted.

TeTables 3.2.1a and 3.2.1b apply to the SOF ,yro and Include the nomenclature and svfois as used by
th " and Accelerometer Subcommittee of the IEE Arospace and Electronic Systems society' in its

Standard Specification Format Guide and Test Procedure for Singla-Degree-of-Froedom Plate Integrating Gyros'and its 'Supplement for Strapdown Application' [3.8). Also included in these tables are assessments en therequiremets for error comensation in an INS (dit- 0.01 O/h) and In an AIINS (attitude and headin refe-
rone sste. rif v o/).wheebywe e"assuned-a fairly benig dynamic onvirorment of 1 0/ MS ran-dam angular rate. 0 .1 g mean acceleretion and 0.5 g R14S rand=m acceleration.

The Tables 3.2.2a and 3.2.2b aptly to the TOF gyro. We he"e assumed for the numerical evaluation of dy-
namic errors depending on the gyro s moments of inertia that the rotor is a ring with an outer diamter of
50 m., an inner diameter of 30 = and a width of 10 mm. We thus obtain the following mement& of inertia

I a 416.go am2  about the spin axis,

ia 216 go cm2  about the transverse axes. (3. 2.49a .b)

The single-degree-of-fredo floated gyro and the dynamically tuned two-degree-of-freo gyro hve"
proven eXcellent performance in Ilatform systems. The terms in Tables 3.2.1a and 3.2.2a are fairly stable
for sensors of "inertial quality and are hence compen sable.

When mechanical gyros are exposed to the dynamic environment of strapdowm systems their performance de-
tariorates condiderably, primarily

- due to the sensors' ulsaligneent (s. Table 3.2.1a. Row 4 and Table 3.2.2a. Row 5).

- due to the command rate scale factor errors (s. Table 3.2.1a. Row 5 and Table 3.2.2a. Row 8) and
- due to the fact that the sensing element is not massless and dynamic errors arise (s. Tables 3.2.1b

and 3.2.2b).

The deterministic error model in these cables may serve as a basis for error compensation once the coeff i-
cients have been defined as a result of laboratory tests and flight tests (s. (3.31 and [3.9) ). The
assessment of the compensation accuracy leavtu the impression that the requirements for th use of both
sensors. the SOF and the TOF gyro, in an attitude and headin reference system (AHRS) can be met easily.but son very hard to meet in an inertial navigation system (INS). However publications on flight test re-

cuiejet [3.11])n a cii ransport arcraft [3. 2] are promising in this respect (I 1 l/h).

Gyr eror omenstios wreimplemented in the LN-50 for [3.11]:

I.misalgnmnttdof ickoff patand gyro spin axis
* nisoinertia and
-output axis angular acceleration.

In a more severely dynamic environment additional performance degradation will arise[- due to the limited bandwidth of the sensors (in the order of 80 to00 Hz) and the comp-sation algo-
rithms and

- due to non-detected error terms.

Scientists put much hope athriglaser gyro which atthe expense of size promises improve perfor-

In the next few sections we will discuss the use of SIF and TF gyros as angular rete seuor and as
stabilization devices.



rIMt Subcffmittee Nomenclatujre and Symols
Error Model and Symbols [3.6] Used in this Volume

! ! I i• gs.. , •lnu~snne di

2 C OF~j~~~ acceleration isensitive drift

tt

I du
3 02 I .1 + acci-elerationsqutred Sensitive

drift rate or anisoelasticity

- (K - K 11) g j +drift 
rate

- %- KS ,) gi 96*Vj 6 + 01 gi j6 1' •S9 g d;,i ++• gg i

+ d~o+ m++
1d0 gj g +3 ~4S bgi

0 -a9IS N 0150 mtisaligmm t drift rate

5 + K t + aKTi drift rate due to qyro

scale factor error

eI t + Kn (1 tl21wt

6 + other torms + other terms

Ut

Table 3.2.1a Deteminlstic Error Model of a Single-Degree-of-Freedom

Fw



R m a r k s Requirements for Compensation in an

INS (Dc0.01 0/h) AMRS (D<5 °/h)

due to residual torques (pig tails, inductive pickoff and torquer), <0.01 °/h <5 °/h
fluid and gas flow, temperature effects; may vary with time andhas to be recaltbrsted

(( s. Sections 3.2.2.1 and 3.3.4;

due to unbalance (temperature sensitive), turbine torques <0.1 0/h/g <50 0 /h/g
if mean acceleration < 0.1 g

s. Section 3.2.2.2; 2
due to compliance of gimbal element and bearing; always rectify- (0.04 °/h/g <20 0/b/g 2

ing in a vibrating environment; varying with high frequencies f3.9J if linear vibration < 0.5 g (leES)

rectifying only when gj and g9 are correlated;

Y d ik 1 s cos.e)

for unidirectional angular rates a and in strapdown systinsa and 0
p may be regarded as error angles per 1 rad angular motion <20 arc sac <3 arc min

for a tolerable error angle per turn of
<2 arc min <20 arc min

s. Section 3.2.2.6;

Wt - earth rate + transport rate in platform environment;
- vehicle's angular rate in strapdown enviroment;

in strapdown Systems K!

i fixed scale factor error due to temperature sensitivity <100 ppm <1000 ppm
of torquer resulting in error angle per turn; for a tolerable error angle per turn of

<2 arc min <20 arc min

ii asymmetry scale factor error resulting in rectified <10 ppm <4000. ppm
drift in vibrating environment (s. Eq. (3.2.48)); if angular vibration <1 O/s (leS)

iii nonlinearity scale factor error, troublesome at high <200 ppm <1000 ppm
rates, resulting in error angle per turn, s. above.

Gyro in a Platform and Strapdown Environesnt

II

LU I
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NO. AD IEEE Subcommttee Error Nomenclature and Symbols

Model and Symbols 13.8S] Used in this Volume11 I drift due to motor

0h * Nsu. -I)

2 --~--0 angular acceleration

3 + anisolnerita drift rate

01 d5 US "sjA

4 - 0-8 ~cross couplipg drift rate

0c f (at WS

Sa 21, IwoI measurement deed band due
C to gimbal bearing fric-

tion if analog caging
loop is used
Df - f1 01

5b ~ w1drift or scale factor
C WInAX -1 error due to gimbal bear-

i fition if binary
pulse-width modulation
caging loop is used

0 I id01 -Iugw'~
6+0, NO0) output axis rate error

7 + other terms + other terms

"a) D ;1 .0 wsin 21ft ul WS U sin (2wft4*+

b) sin MTt w, for a second gyro in a system; s. Section.7.;4.4 for computation of this pseudo-
coning error at system level

h'.Table 3.2.lb Additional Deterministic Error Terms of a
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_________________________________________ INS_(D.c_0.01_0/h) ANRS
Remarks Requirmmntsinan

_________________________________________ (D.c_5_0/h)

s. Section 3.2.2.3; rectifying if .q and � are above hunting frequency no special means re- Ii
sing this effect f ii

correlated; quired for suppres-
(Re cos*+Im sln*) otherwise compensation.

with Re and I. Fig. 3.2.8; 5. Section 7.4.4.4 1.
for frequencies above hunting frequency (1 to 10 Hz
Re * -1. I

@2 a
s. Section 7.4.4.3.4; for .10/H -10 /h(/s), as typical value for an SDF
giving rise to nseudoconing error on systa level; gyro. and � * 10/sOIlS):

- � .2 b) i-50/h i.5 0 /h

c�ensation necessary compensation not ab-
can be optimized by proper output axis orientation; solutely necessary

rectifying only If us and uy are correlated: for (JS.JI)/H2.0�)/h(O/s)Z �s typical value for an
� "�s� a) S0�gYro.andu 5 w1 1(oI5) .

D -n----- -.- �-- cost compensation necessary no Ccq2ensotion ne-
cessary I

rectifying only if us and w1 or are correlated;
can be kept low with high loop "�?n; attn �table
to scale-factor error. s. Eq. (3.3.3).

Spin-input rectification: requiroment for closed loop no deandi ng requ ire-
transfer function: ments for closed-loop

[...] ��u 2 (Recos.+Imsn.) a) transfer ftinction
- Reorlm�

I
with Re and Im - real and imaginary part of gyro 0.6 �
closed-loop transfer function. fe0/u1 ] s. Eq. 0/�
(3.3.18). per � 1 (0/5)2

Spin-output rectification:

DC. [�I � w�,.'�z"��(Recos*+Imsin*) a) j
with Re and Im * real and imaginary part of gyro f
closed-loop transfer function [e0/u�. for iv t/' 1 bearings 1 0/h/'0/s'

s. Section 3.2.2.4; pojewe 'I

u - friction coefficient
b * pivot diameter not toleracle tolerable
c = gimbal length;
countermeasures: dithered jewel bearings, ball
bearings, taut wire suspension.

s. Section 3.2.2.4; for pivot/Jewel bearings i 1 ppp/(0/s)
scale factor error

f * �, b'�'0I tolerable tolerable
K C

apparent input axis misali ament; function of
various orders of o�; may L discontinuous;
depending on gimbal support including flotation

fluid [3.8]

II
{i. N �

Single-Degree-of-Freedom 6yro in a Strepdoin Enviresuent 4
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No 0 Nomenclature aotnd ybl
Used n and Volmeol

accelerationi insetisitivie drift

2 [r 9,~ r, 9S] -1 frs g9 r0 g'3] accelaration sensitive drift rate

1 i Cli gi

3 + DIOg9' 4D91 9

4 + [K1 q 2  KS .+20-rOg acceleration - squared sensitive.r ~ sii Sdrift rate or anisoelasticity
drift rate

-(ES5 - KI 1) 9,9I (S Ko g' 9's ji I d ~9119,

-S '50 1 16 + KIO1 6gg 1' Kc01 g'1 gS - KS, 9'1 g9

6 0W I WO *~al S- %S Wlmsalignment drift rate

6 -d ia+ dI -dOa.Q -do, direct and 6ross Axis spring rate
coupling due to misaligvnmnt
Do- Ji d'i ai

7 1+d1 0do %0  do 01 e direct and cross axis sprint,

rate coupling due to control
offset

tt8 + * + KWOdrift rate due to gyro
scale factor error
vs . c+~ ,a

+ I t +K 1

9 + other terms + other terms

8) sii n tuft sýM iOn (twft +*)

Table 3.2.2a Deterministic Error Nlodal of a wDgr--red

F'in a Platfors and Strapiown Enviv oowt~



Ream a r k s Reaquirements for Compensation in an

INS (0cO.01 0/h) AIRS (M4 O/h)
due to residual torques (magnetic interference of pickoff and '0.01 O/h <50/
torquer;in floated gyros fluid flow, in FAG and 0Th flow condi-

£ tion on rotor periphery (laminar, turbulent) [3.51. effect of
W T.pickoff plane variation on pickoff angle-dependent drift

terms, s. Rows 6and 7); may vary with floe and has to be
recalibrated

s. Section 3.2.2.1.
due to unbalance (temerature sensitive); in FRG and DIG: <0.1I 0/h/g SO /~h/g

rlO, 0if mean acceleration < 0.1 g

in FUG due to rotor compliance [3.5], in DIG due to quadra-
ture pendulosity [3.10 and 3.20]

s. Section 3.2.2.2;
in floated gyro and 0TG: due to gimbal compliance; always <0.04 o/h/g 2  <20 0/h/92

rectifying in vibrating environment if linear vibration < 0.5 g (MR)

in floated gyro and DTG: due to gimbal compliance; in FRG
due to gas bearing incompressible effect [3.5], rectifying
only when gj and g1i are correlated;

"d&
5T ik above; cos*)

[3.5]wboe in FRG due to gas bearing compressible effect

for unidirecrional angular rates a and B may be in strapdown systems a and 0
regarded as error angles per 1 rad angular motion <20 arc sec <3 arc minI

for a tolerable error angle per turn of
<2 arc min <20 arc min

effective in FAG and OTG only;, due to hydrodynamic torques, for d1i " d~ 00 0.02 0/hlarc sec
motor torques, windage torques; additional error sources in (s. Eq. (3.2.40&)):
DTG: mistuning and damping of flexures cause spring rt
coupling in cross axis and in direct axis, respectively a < 0.5 arc sec a < 8 arc min
[3.10]; sensitive to adjustment andi stability of pickoff
plane, s. Section 3.2.2.5; in DIG: di? and dol can be com-
pensated by variation of tuning condition, s. Sections
3.2.2.5 and 3.4.5

s. Row 6; causing random-drift in platform environment and requirements for e not so tight as for
maneuver-dependent drift in strapdown environment at in Row 6 since S depends on aircraft

maneuvers which change with timeI 0 d0  Gi b)

i*1.0; j -1,0. with [ei/wj] *transfer functions; can be
kept low with high loop gain. s. Eq. (3.4.23)

s Section 3.2.2.6;
wt- earth rate + transport rate in platform environment; in strapdown Systems K~
wt vehicle's angular rate in strapdown environment.

i. fixed scale factor error due to temperature sensitivity <100 ppm .*1000 ppm
of torquer resulting in error angle per turn; for a tolerable error angle per turn of

<2 arc min <20 arc min
ii. esymetry scale factor error resulting in rectified <10 ppm <4000pm

* drift in vibrating environment (s. Eq. (3.2.48));. if angular vibration < I /s(35

M i. nonlinearity scale factor error, troublesome at <200 ppm <1000 ppm
high rates, resulting in error angle per turn.
s. above

in 0TG espeially drift rat4due to twice spin frequency
angular motion and torqes L3.10 and 3.58]; giving rise to *

turn-~around error of OTS on platform due to differing struc-
tural compliance of platform with azimjth angle.

Gyro (Gimballed. Free-Rotor Type and Dynamically Tuned)



NO. Di ADO. ~nemnclatire and Smols

No. Used in this Volume&

1 drift~dus tomtop fltiflg

"b+ I _ angular acceleration drift rate

2 T FT n D

3 1+ I" anisoinartia drift rate

4 11 W + e1 I I cross coupling drift rate

5 + other terus + other terms

a) sin (2irft) as sin (2ift +*)

Table 3.2.2b Additional Deterministic Error Terms of a Two-Osgrueof-Froedo 7

7; 77 -7777 -7777-7777
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Reaa r k s im t a iAe
INS (00.,01 0/h) no (0s /h)

S. SctVon 3.2.2.3- above M olting fruency: n peclal mom 'e-
•rect• fying i s, 0 nad wS are corelated: qVtred for suppresing

.(R co" ÷ (A*) Coo+1 i*
Ss. Section 7.4.4.4

with Res and IN from Fig. 3A.M.8 for frequencies
j ,~bove hunIIting fre.quency Of]I to 10 Kz: Re.-- -1

.Secton 7.4.4.3.4; for 0/1 O.0. n "I Mad •,0 I Olt (06):
giving rise to pseudoconing error on system level

* 2 b) 0.014 0/h

compensation recamnied no compesation
necessary

rectifying only if wS and wj,0 are correlated for (I-J)/I - 0.5. n - 180 Hz and 41.0 " (°/s)

"1 %r• 1 os.0 COSO 4)11 .0.014 °/h

ciNps-ation recmemnded n4o c0satio"
necessary

Rectifying only if !S and w, are correlated; requirment for closed- ft demnding requiremnts
can be kept low with'high 1I Iitattribute loop transfer %Ktion for closed-loop
to scale factor error, s. Eq. .413). In direct and cross axis- transfer function

A or IN
Spin-input rectification: <0.6 &PC seC

U '• ,o wi O"

1 al 0.1)1lo% 1(/)
"1.0I per

OSi-- (Ie Cos* + 1s sin1)

wlth Oe and It- real and imaginary part of gyro
ross-axis closed-loop transfer function

lO0 . O) s. Eqs. (3.4.21) and (3.4.23).

Spin-output rectification:

-• (ae cos* I+ sin*)
V

with Re ad Is a real and imagtry part of gWe
direct axis closed-loop transor functiont~o01/w01].

s. [3.103 and [3.58] ; in DTG especially due to
twice spin frequency sensitivity

b wo0,I=O. sin (W•t) w. ,0 for a second Wrno in a system; s. Section 7.4.4 for the complutation of !m•L~ljl").1 S Uthis psaudoconing error at system level

Gyro (Free-Rotor Type and tblamically Tvund) in i Strapdm Environment

Vi



43
3.3 The Use of Sne-hr-oFeiMa ftm~ro as MAnular Net. ensors awl Stabiliastiom Weices

$ ~3.3.1 OwAmics of the W Gymo

The SIF Wre shown with elastic restraint sd iomer In fig. 3.1.1 #An 3.2.3 has angular frosm" about
the -axs ony (1 - andu we will evaluate this componnt from Eqs. (3.2.12 ff.).

The restais nlt torq I 0)s comosve of thm spring and dwev torques as showe in Fig. 3.1.1.

w~.-Ke-Cd 0 ,(3.3.1)

which we Introduce into the ruminin3 part of Eq. (3.2.22) Comining sone terms into the effective spring
coefficient K1. we obtain as performence equation of the SOF gyr:

(JO p; Cp + K')% - H(.1 3) + t - M(.1 - t- D) (3.3.2a~b)

where ais the input signal including its errors listed in Tables 3.2.1a wan b and tis the comand rate.
The ef')ctive spring coefficient is:

n & I( W Os+(J Ji)bIHOI W)1-K (I +s) (3.3.3a,b)

This term depends on the vehicle's dynamics as does the gyro's scale factor regardless of whether K is
the mechanical spring coefficient or the gain of the mealance loop (electrical spring coefficient). A
high loop gain minim ass this Iepenec as shown in Table 3.2.1b. Ow 4 (s. also Section 3.3.3.2).

for very high frequencies the comliance of the gimal support and the gimbal bearings has to be taken
into account and provides the SIF gyro with additional freedom about the input axis.

Introducing into Eq. (3.2.22) the restraint torque about the input axis

K . -K 0(3-3.4)

one may show that the performance eqation of the WO gyro is affected in two aspects.

- the qffectiv. momnt of Inertia of the sensor about the output axis is changed (s. [3.1). Chapter 6,
and 13.9]. Chapter 5)*

J6- O. H2/K1  (3.3.S)
- and the gyro float may carry out an oscillation with respect to the case about the input and output

axes similar to the nutation oscillation of the two-degree-of-freo gyro (s. Eq. (3.4.6)) ; the na-
iral frequency of this oscillation is:

RI K, M2 1/2 KI J 1/2(33)
(e + =10) "I-0)(.36

ni This oscillation can in general be neglected, since in practice the gimbal support is so stiff that

In floated SOF gyros another affect takes place at high frequencies when the fluid couples to the *dry"
inertia of the float and increases its moment of inertia about the output axis. In [3.81, Section 6.3 this
phenomenon is taken into account by introducing

+ To~ (3.3.7)
with To time conistant increment due to fluid mass coupling. The text in 13.8] reads.

~sa f dyamicflui effcts nd i neligible at frequencies below the inverse of the
nominal :1 ý .*6eristic tine. It is considered basicaly due to the mass of dupming fluid. The degree
to which die fluid mass is coupled-in depends on the gyro design and the fluid velocity and accelera-
tion at each point in the duping gap and is therefore also a function of the frequency of anigular
accelerations applied to the output axis.*
We will discuss in the next three sections three typical SFWmgro.
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3.3.2 The Note GYMo

AS its nam Indicates, the rote gois musd far measuringth OW nSUla rate Of a vehicle. It has Wleedy
been mentioned that this Can also be cieved with ether sensers.s 0.g. rate integrating VMoS with serve
loops.nngrsoi angular rate sensors or eve the laser gyro. but the rate gyro provides a good COD-

~~ binatlo ofslplicity and accuracy.

of pocts 1 sim lar design offt.-ad by the difteret muwgfacturars. The layout is similar to the sketch
in PIgs. 3.1. and 3.2.3.3

in this sensor the rotor is mounted within a carAule which is sali-floated. Paddles provide P"yrodynmlc
damping which can be held constant over a wide temerature range by means of a mechanical bellow-controlled
compensation. where gaps betwee paddles, &affcting the viscous torque. change d#e to the temperature.

SPINOT Me?~ SUITUCTCR

PMOFF

TOSO2WN
~ata diensins:lenth 5m, imatr 2m.V

by~with re tet diSmtensino:lentag u is diameat.Jer 24to lee ootintema.e aglrrt

Io whe find as r traser function rfstheroitei gpreominanluading bai rmQ 3..)i the eaplor teo-

-C t/ 8t (3.3.80)

axdeptaie thaund i~ndicblock whagre foisdretyudto the raehan~L.~~fnd o the indiaorms hOtu
pnlot for a sconvetd into describge d by Eq. (3 mesr wher thnu ae naia reunyad h :r

*~8 IV raiocore.od95)

Therb S accualsalrac to f th aegr eped rto ae large amtno the nmalstablt facthe mechaical sprbeing n tero

for Kwthrespe c ln tonS. Frmthe stanuis*olwt e of aig sigalto noisel rtio ba wa pigin the wsrdaglrarte ayr
woul be fidasltransferE (3.3.9).k wth Pawea spronlding the rrossculn Ibw I h fetv lsi e

ver hiclte.dirosrfor smealsurn andgclarracterstwith highrs r presionte int Therboe have1 ang eltl showsg
whetich d all d a oobnd bimltoc noiagratifor th~ ratdkep theo cros co upleing lo~the poroalize ofrehqua-c

lTyhae maccurayofmth willte discusse i etio n 3.3.3.tn nte tblt o h ehaia pin n h
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Fig. 3.3.3 Frequency Response of a Second-Order-System

Parameter units characteristic Nahclature
Volvo

4"1ux 0/ 0t o zmxin input rate

4sm Ujjf /s 0. 01 to 0. 0 threshold and resOlution

% of applied rate 0.1 hysteresis

0/5 0.1 to 0.5 zero offset

Nd/H % Iu4g-.1 distorbancetorque (moss
SUK uelafte)

S * i-.(O/S)/y adjustable scale fco

%o/l4 (O/8)/(rej/s ) <D. I ulr acceleration sea

Table 3.3.1 Paramaters and Figures Speifin a Rat
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of In general rate gyros do not have a torque genertor except for self-test-purposes. Saeemamnfacturers

of rate gyros offer a gimbal torquer and/or spin amtor detection for self-test as options. These options
are very useful in aircraft control lps suchas in blind landing systems which require high reliability.SThe rate am equipped with a toqe will react to a torquer cvrrmt In a fasionsim ilar to an itqlt anl-

I ulp r rate. r o this w gimba find Area electronics ra wystwa respose can be chocked. spin
rotor detector easures the anulalr speed of the Wro rotor optically or Inductively. Thus the functioning
of the sensor can be tested andin case of any failure the electronics can witch over automatically to
the standby gyro.

3.3.3 The Rate Integrating §M (RIG)
The rate integrating IMo is similar to the rate 9" thA in Fig. 3.3.1 (N"rtr GA-6S). but withoutthe spring restraint. it Is used as a stabiliaatim device on attitd reference p1stfoemS or inertial

platforms or as a strapdone rate sensor. In the forei applicatien It has been replaced in recent rs by
Sthe tuned gyro because of certain advantages of the letter which will be show later (s. Section .4.4).
it i.s used in Wiy$ of very high accuracy such as marine systems. Efforts have been undertaken by the
haries Stark 0pepr Laboratory and Northrop to develop it as the 'Third Generation Gyro TOG", I.e. in its

most accurate version for strapdomm space application. In the application as a strapdmm rote sensor the
RIG is equippd with a control loop from the pickoff to the to rqmr In order to keep the pickoff angle s
near Zero. Since the servo loops and especially the dynamic enviromments art different in both appl ica-
tions we will discuss the corresponding RIG performance separately.

3.3.3.1 The RIG for the Relatively Sonign Platform Environment

In the platform environment we may neglect in Eq. (3.3.2) all errors due to angular rates and vibrations.
With zero elastic restraint (K' - 0) we obtain the following performance equation of the RIG, whre D In-
cludes only the error terms listed in Table 3.2.1a:

C 'JO t t(r p ÷) ) "u 1 - t - -1 -•.t-D. (3.3.11) 01: Defining as RIG transfer function in the benign platform onviromment:

G(s) C ÷)(3.3.12)

the RIG performance equation reads ln the Laplace domain (marked with ):

;0 - G(I -* -t - 6). (3.3.13)
The untorqued �gyro . 0) with zero drift (0 0) and zero time lag (Jo/C - 0) indicates the angular ro-

tation of the case with respect to inertial space:

S60 (3.3,14)

SThus the RIG can be compared with a bevel gear. the input shaft of which is fixed to inertial space. The I
gyro gain WC corresponds to the gear ratio of the bevel gear.

Fiy. 3.3.4 shows the cross section of a rate integrating gyro for use on platforms. The rotor is enclosed
by !Iilirmtcally sealed gimbal (float). which is supported by a flotation liquid (e.g. fluorolube F 55.
at 71 OC, the usual operating tperature of floated gyros, the spvcific weight y - 1.815 g/cmJ). The gimbal
supports -;thin pivot/Jewl bearings or magnetic suspension in high precision Instruments - are thus relieved
of the weight and the gyro can sustain vry high shock accelerations. Through this buoyncy the friction ip
the gimbal$. which would cause am drift, is corresoin1 low. To further reduce the friction of pivot/
Jew] bearings. the Jewels may be dithered loneywa1 GG 4); They are mounted in a piezoelectric camicdisc polarized in the aiatl directionf. The dither excitation irqM s high (e.g. the same as the spin
motor frequency). The pivot to Ja! friction is thus reduced by 10.: c0

The flotation intqhe has still d Mother purpose. In thefnarrow gap bee men float and case,(aprox. 0.1 ms )

it ensures heavy damping of the pro, so that the go gain H/C In qs (3.3.11 and 12) is in teer of
magnitude of 1. The current supply frm the case to the float takes place via very thin leads. the so-called
"pig-tails. The latter have a diameter of 1/10 of a human Mair, that mans withi e mgnitude of jin
high quaI ty gyros the energy transfer is done inductively, as showm In Fig. 3.3.4.

The state of buoyancy, i.e. the friction forces In the pivot/Jewel bearings, the doing constant C and the
torquer scale factor are affected by temperature changes, and a good temperature contro is in general

prerequisite obtaining results from the RIG. For many applications this eight be a hindering
factor. There are R iG's go, a aire[3 !n ch the damping coefficient is constant over a wide tmpoeraturerange. Means tO achieve thiS goal are [3.4]:

- the use of silicone fluid with 0.9 ge/ca3 density and a virtually constant damping over a tempereture

of -45 °C to 115 oC.

- the use of a bellows-controlled damping mechanism.

The temporature sensitivity of the torquer scale factor is a more severe proolem in strapdomi gyros and is
discussed in Sections 3.2.2.6 and 3.3.3.2.

The design of the rotor bearing requires special emphasis. Any shift of the rotor causes a change in mass
unbalance, i.e. gyro drift. For inertial quality the rotor bearings have to be stable within 0.4 me as
stated by the Eqs. (3.2.28 and 29). They also have to be designed as isoelastic as possible. Special bell
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bearings ~ ~ ~ ~ ~ ~ ~ t (s eto ... )adhdoyri ernsAre used for this purpose. With the latter.
the r=nn iei hertclyifnte otc ewe rotor And stator occurs only during start-stop.
IM~spca materials (steel bonded carbide or high density, ceramic surfaces) allow start-stops exceeding

10without reduction inPerFoamanc.

For keeping the tine constant VIC low and for reducing the weight of the float (mass unbelance) many
manufacturers prefer the "movingf coil" torqynrtrs Wei - the heavy permanent magnet is case- mxed
and the coil Is mounted on the oa. ef. _[3 1]. Chapter 14 gives amor details on gyr.oscopic design.

Table 3.2.1a shows us that the SWF gyro has better prformance with the output axis in the vertical (a.
Rows 2 and 3) and on a platform the gymo for stabi ling the horizontal axes are moonted in this fashion.

We will coam back to the use of the Alt for the stabilization of platform in Chapter S. Table 3.3.2
sumarizes sawe details on RIG's for platform and strepdowm application.

3.3.3.2 The RIG for the Straodown Environment

According to Eqs. (3.3.2) and (3.3.3) the RIG transfer function should read in the strapdown environ-
Ment:1 _ _ _ _

G, (s) sZ+C+"(I+Je+C H.(3.3.lSa,b)
0 n) -s Cs3N( ~ b

In practice terms due to the vehicle's dynamics are treated as error terms as indicated in Table 3.2.1b.
Now 4 for the cress coupling term And the rebalance loop design is based on B(s) in Eq. (3.3.12). The open
loop Input-output relationship reads in the Laplace domain (marked with )

N + H(QI(3.3.16)

For angular rate measurements a rebalance loop Fjs) is implemented from the gyro pickoff to the torquer
as Indicated in Fita. 3.3.5, this will be discussed in more detail in Chapter 4. For convenience we put in

h iA SI IF* dI ..mOw .ovhi

II
fig. 3.3.5 Block Oiegrrn for Ph ate Integrating Gyro Plus Rebalance Loop

Fig.3.3.: F t F itSt *actual torquaer scale factor (s. Section 3.2.2.6). We now introduce in Eq.
Eq. (3.3,16):

Picofajgee. the torquer current I and the maasuredtangular ratew 0, S' R I
Su(with S snoi l gyro scale factor. R *measurement resistor. s. Section 3.2.2.6) beoe

(3.3.18b)

_F141, 3.3.Ulb

(I+ ) 5grn K) Txpm(..lt
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with~ K gyro scale factor error (s. Section 3.2.2.6). This shows us that the effective gyrj suale factor
depends on the product 611%) F(s) defining the bandwidth of the sensor which can be up to 100 MR. Only for
61(s) F(s) * -do we obantedsired output:

+ l*w W ) (3.3.19s)

For low Input frequencies (PO0) with no angular rate about the spin axis of the *0) G,(0) is

large (s. Eq. (3.3.16~b), and the above mentioned reqirement 6'(0) D) a is aet and uthe angular rate
measurement becomes independent of the rebalance loop's gain F(o)Fo 5 s0thgyoclefcrcansacoigt:

*oa(I +K) ( I~)(lD (3.3.19b)
as indicated already In Eq. (3.3.3). A high rebalance loop gain K keeps this effect lowas mentimoed in
Table 3.2.1b, Now 4. TMe RIC rebalance loop includes an integrating network, In general whose gain grows
with decreasing input frequency.

The block diagram for angular measurements about two axes by means of two rate integrating gyros withIrebalance loops Is shown in Fig. 3.3.6. The two-axes measurement is shown here for better comparison with
thearpiication Of a two-degre-Po-r-71Reedomn (TVF) gyro for this purpose. where only one sensor is neede
(. g.3.4.4). This will be discussed later.

MOM

- -- - - -- --

Fig. 3.3.6 Angular Rate Measurement About Two Axes by Means of Two Rate Integrating Gyros

Asmentioned in Section 3.2.2.4 the gimbal bearings of RIG's in strapdown systoem are alway subject to
forces and they he"e to be designed correspondingly. for a high dynamic environmeent the gimbal suspension

ofRGsis implmanted with dithered jewel bearings (Honeywell GG UM0 A). with bell beari a 'HamiltonStarmdard RI 1010. Steinheil Leer Siegler 1903) or with taut wi-o suspension (Northrop 170-56 .
6 eof the

m;t critical prts of all stropdownmgyros is the torqu .Te, Impotac of the torquer scaefactor has
10 RIB'sf theRGis efet, beue n tad N s Tables32lan 3.!2.1s Not5) Rief.i N.~ to bewmithmint

Asa4conIsequence of this problem RGs for sre~~ use Must have Aft excellent thermecontrol or mensw to
the input rate.~. h corsodngenorgy fe notesn hea o - nl.Ti a ein-
Proved With digital caging loos. s. Chapter 4. It has already been mentioned that electronically robalanced
rate integlrating gyros or double rate integrating gyros (s. Section 3.4) are mor accurate for measuring
aglrrtsthar. the conventional rate gyr. For angular rate measurement the rate gyros ac=racy may be

sfiint. but ithanglr raemeesurgen~ts are used for the attitude computatien as in strapdownm
systems (S. Seto .. )teelectrically rebalanced gyro hes to be used.

In Table 3.3.2 the main characteristics of some RIG's are listed which may be regarded as representative I 1Jfor proaRGIWahis field. Fig. 3.3.7 shows tihe cut-away view of a typical strapdmm Ipro.
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Fig. 3.3.7 The Steinheil Lear Siegler Rate Integrating Strapdown Gyro 1903-H.]

3.3.4 The Double Integrating Gyro (DIG)

if the flotation fluid in the rate integrating gyro (s. Figi.3 3 4) Is replaced by flowing air. we ob-
tain the double integrati n gyro, shown schanatically in Fig. 3.38. Inithe discussion of the characteris-
tics of this sensor we will follow [3.9] Chapter 13.

MAGNETSTF

FLEX LEADS

FIKF GHOWINOE

FICKOFF

FLEX LEADS AW~EI

] I SPIN A"IS

The transfer function of the DIG in the Platform environment (negligible angular rates and vibrations)

can be easily derived from Eq. (3.3.2) by putting C - K - 0:

G(s) *- .(3.3.20)

With this relationship all the formulae (3.3.13 to 19) derived for the rate negai ro in the
platform environment (s. Section 3.3.3.1) and in the strapdown environment (s. Section 3. .2 are also **

valid for the D1G. . : c z nt rti

- v,
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As to the drift terms, Tables 3.2.1a and barealso applicable to the DIG with the exception of the error
terms due to fluid effects (e~g ~.) New error teams arise from the flowing air, which causes turbine
torques depending on the appled aceeration (s. [3.9] Chapter 13). 1.*., they are similar to mass unba-
lance drift. A typical drift due to turbine torques can be 0.8 0/h/g.

The DIG is at present applied only to the stabilization of inertial platforms, but has not found the
broad utilisation as the RIG, though it offers the following advantages: '"•

-the hydrostatic gas bearing of the precession axis or output axis provides a complete lack of solid
friction.

-no problems arise for designing the gyro float for the state of buoyancy and controlling it to this
state, i.e. as compared to th floated gyro, discussed in the previous sections and consequently:

A heavier materials can be used for the gyro rotor of the DIG thus making it possible to obtain a
greater angular momentuem for the same diameter;

a there is no requr•m ent to operate the gyro at a fixed temperature (thanks to this advantage, an op-
timum temperature can be chosen which is most suitable with respect to the total system and the en-
viroTmental conditions) and the temperature control need not be as precise as with the floated
gyro;, and

a allI measuring and adjustment elements are freely accessible: the gas bearing gyros require only a
cover for protection aqaint dust and external electric and magnetic fields and not the hermetic
sealing of gyros with fluid flotation.

On the other hand there are the following drawbacks of the hydrostatic bearing:

- it is necessary to have available compressed gas which has to be fed to the sensors through the

bearings of the platform gimals, unless each sensor has its own pressurized gas supply; and
-the associated servo loop is somewhat more complex on account of the absence of a mechanical damping

One would expect that the float support by means of the hydrostatic gas bearing of the DIG is fairly
soft and the following effects discussed in Chapter 3.3 become significant:

the increase in the effective moment of inertia about the output axis due to gial support compli-
ance (s. Eq. (3.3.5)) and

Sthe occurance of a float oscillation within the case at a fairly low natural frequency and (s. Eq.

Valu obtnaine d from sth e t a eleenti a s for the gasbearing 28 are listed in Table
3.33. hi gyo i-&smalervesio ofth GW 38dicusedin [.1Chper 13. The figures laid down

1`677tvwerefakenpromt aunpublished rpt of te Teldix Company Heiel eg. Though the effective moment
on thoertian Jhr isdoued, the naturlowig frequecy wof the float oscillation within the case is above the

rag tot ncauesspry obl aems. lbecmrssdgs•c a t efdt msos•tog

t H o m cm2 /s] 2.94s 1 ou

"o~ c 2] 98.1

J1 [gyn cm/rad 14.83 1

featuofFlateupor i

One oul exect hathefloth Tuppdrx y 2e9n Dobl Ite hyrosating gsy oern9o the0G sflry•

- the ncreas in t eeffective omeont of inertia andu Rhesonapce Frequentcy b1 upr cm1-L

I'

onc [dyn coq.d 8.835) - 16

Thb le7 3 ect of tGa 3r discued of Float Suppote i
t-ertkenro unbhed rptoTeld OWo8poratingGyro o the.
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3.4 The Use of Two-Degree-of-Freedom Gyros as Aogular Rate Sensors and Stabilization Devices

3.4.1 Dynamics of the Gimballed T1F Gyro

The gimballed TOF gyro shown In Fig. 3.1.1b Is used

- as an unfloated gyro with heavy gimbals supported by ball bearings in vertical and directional refe-
U rence instruments (VS. OG) and

- as a floated gyro with light gimbals supported by pivot/Joewl bearings in platform systems.
In both cases the rotor moves very little with respect to Inertial space and for the derivation of its

dynamics we my discard all terms in Eq. (3.2.22) due to vibratory inputs.

In general the TDF gyros are used without elastic restraint. Damping is caused by the flotation fluid or
friction in the bearings and we assume as restraint torque In Eq. (3.2.22):

-r *r 1 (3.4.1)

resulting in the following performance equation of the gimballed TDF gyro:

H_-.- w}M 4H (_t +_D) (3.4.2)

- H (J0p + Cj H -J}p,

where the skew-symetric unity-matrix" is defined in Eqs. (3.2.10a,b). -7

The vector D contains all the drift terms listed in Tables 3.2.2a and b except those due to scale fac-
tor error K (Tible 3.2.2a, Row 8) and angular acceleration (Table 3.2.2b, Row 2).

For 0 - .t , 0 and C - 0 we can obtain one solution of Eq. (3.4.2) by inspection:
t

eI, 0 (t) . ( 1 0 (0) - I wa, 0(T)dt (3.4.3)

which shows the characteristics of the "free gyro: as the rotor stays fixed with respect to inertial
space, the pickoff angle will be equal to the initial pickoff angle minus the tine integral of the angu~lar
rate of the case with respect to Inertial space. This can Ue seen from the straight upper and lower bran-
ches of the block diagram in Fig. 3.4.1. As compared to the rate integrating gyro discussed in Section
3.3.3, which also indicated the angle-of the case with respect to inertial space (s. Eqs. 3.3.13 and 14)),
the T:F gyro does it with a gain identical to unity and no time lag. In principle this output .. indepen-
dent of wheel speed and stability of viscosity.

Input Signals Physics of Ito Inti Dynamics I Pickoff Angle
Inputfv~ Rotor ItrrDyacs'Kinematics

W 1 e . ..

Fig. 3.4.1 Block Diagram of the Two-Degree-of-Freo Gyro

Wie define as TOF transfer function:I C~s Ms j(3.4.4)
J~H 0(s RJs + Cle

j .-



andas undamped TfF transfer function. 345

So we obtain as TOF Defrmance equation in the Laplace domain (marked with )

(3. 4.Ea,b)

where # is the angular displacement of the sensor with respect to inertial space. For slowly varying corn-
sand rates ot and drift rates D,Eq. (3.4.6) reduces to

+_ +D0. (3.4.6c)

In the Eq. (3.4.6b) we have put,1i a( -1. * i e. we hae" assumed that the gyro float will not be af-
fected by the notion of the case. TIs s realistic, since the doping in floated TOF gyros is low, e.g.

* 1-3 for the Litton 0-200 [3.13]

Any stepwise comand rat* will stimulate the interior dynamics of the IV gyro. Its characteristic equa-
tion:

allows us to obtain the elgenvalues sl to s4 of the TOP gyr. The first two aigenvalues s1.2 Of the
bracketed term describe the nutation with the natural frequenc'y an and the duping ratio t:

N I~____ C(i 1 0

p r 3071/2 n 30 1Z aH i (3.4.8a,b)

the other two eigenvalues describe the precession, which are explained in Fig. 3.2.2.

S3.4 0. (3,4.9)

The nutation frequency W is In the order of magnitude of the spin frequency n. It is exactly equal to
it i I JI 0. ~e.for aspherical rotor.

If all inputs are zero except for a step function in the torque about the 0-axis, i.e. a negative coo-
sand rate about the input axis, we obtain for the undamped TOF gyro (Cu 0):

n t

t il n t n t.00(t) 0 1 Tr (I1- Cos Wu t) a(Iw)(I o 't.(..0
COn (i3.43.1.2

i.e. a high frequency coning motion of the spin axis is superimposed on the continuous precession as shown

I T-

Fig. 3.4.2 Response of a Gimballed Two-Oegree-of-Frtedi yom to a Step Function
in I-Axis Torque of 0-Axis Command Rate

Assuming that the ratio Il/C would be in the sam zrder cf magnitude for a floated TOF gyro as it is for a
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Fin. 3.4.3 shows the floated gimballed TOF gyro Litef K 250 G which is used for the platform stabilize-
tionA 1 In Ltef PL-41 marine naviga tion system. It is equipped with hydrodynmiic gas bearings for the ro-
tor. The ball bearing version (K 250K) is used in the secondary attitude and heading reference system
(SANRS) of the Tornado fighter aircraft.

Fig. 3.4.3 Floated and Gimb1lltd Litef K 250 6 Two -egree-of-Freedom Gyro for Platform Stabilization

It sese likely that in new designs the floated T)F platform gyros will be replaced more and more by the
"dry gyros". The former ones suffer from all disadvantages already mentioned in connetion with the rate
integrating gyros concerning fluid, pig tails, gimbal and rotor bearings. The *dry gyros' and the *free I;
rotor gyroS& have considerable advantages in this respect as will be shown in the next sections.

We will come back to the use of gimblled TDF gyros as vertical and directional references and stabilizing

devices on platforms in Chapters 5 and 6.

3.4.2 The Dynamics of the Free-Rotor Gyro (FRG) in the Benign Platform Environment

From the design viewpoint there are considerable advantages in the ungimballed TDF gyro, such as the
free rotor gyro (FAB) in Fig. 3.1.2a, as compared to the gimballed TDE gyro in Fig. 3.1.1b:

- the motor, the pickoff coils and torquer coils are mounted case-fixed, and

;- no 'pi tails", no gimbal bearings and no flotation fluid are required resulting In lower temperature
sensItivity and the fact that the drift adjustment can be carried out during the test.

But the free-rotor gyro (FRG) shown in Fig. 3.1.2 exhibits the additional error sources due to aerodyna.
mic effects as discussed in Section 3.2.2.5.

The performance equation of the free rotor gyro in the platform environment Eq. (3.4.2) has to be com-
pleted by the additional drift terms:

,-d d " • +e3.4.11)

These terms are also mentioned in the error model of Table 3.2.2a.

The FRG transfer function is:(IS2 + Cs + H ) H(s + do) (12, d13.4.12) •

5()--H(s + d1 ) (J 0 s2 + Cs + Rd0) J
where we may assume:

Ja I . 0 J. (3.4.13)O!

Therefore we obtain as FRG performance equation in the Laplace domain:
SI~ - 1 A . (t •.

where G'(s) Is the sa as in Eq. (3.4.5). L
Eq. (3.4.14b) is only valid for high input frequencies when we may neglect the damping and the additio-

nl drift terms in the FRG transfer function (s. Eq. (3.4.12 and 3.4.5)).

In order to demonstrate the response of the FG to an initial pickoff angle of o1(o), we assme in Eq.
(3.4.14a) C << H, Jd<• <4 (wteh i - 1.0 and j ,0) and H(JI + Jo) >> J, J (d1o + %l). The resulting
characteristic equatiur kuy be approximated by:

F.2

'k-
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AS J 1 .2 1~ IC( 1 + J iO) ,J (d1, +doo)J s +1) [S2 + (d11 *doo) +i dd 1 + 1 d 1 j

(3.4.1,S)

where the first bracket on the right hand side describes the eOgenvalues of the nutation WhAe damping has
decreased due to the direct coupltng drift and the second bracket describes the recessi•on due to the di-
rect and cross coupling drift rate Increasing damping in precession causes d*crasTng daing in nutation
[3.13, 3.14]1

Concentrating only on the slow motion we assume zero inertia, i.e. zero nutation. and find with d11 -
do0 and cloa do,:

-t dl -t d!
01(t) a 91(0) a• i cos do t 90(t) a -e1(el • 1 sin do t .

61(0) .- 9 1e(o) 11, io(O a -91(0) djo, (3i.4.16a,b,¢,d)A

.e,. the FRG rotor carries out a coning motion Which spirally converges to its equilibrium. According to,:
13.5 the time constant and period of this action for the Autonatics G 10 B FRG are:

TI, - li/di - Too - SO s TIO - l/do1 0  TO -S s. (3.4.17a,b)

This shows us that the direct axis torque or cross coupling drift can be serious in an FRG designed ina fashion similar to Fig. 3.2.11. As compared to the gimballed and floated TOF gyro the FRG exhibits theadditional drift terms mentioned in Table 3.2.2. The other drift terms are alike though the physics which

S, produces them may be quite different.

3.4.3 The Dynamics of the Free Rotor Gyro .(FG) in the Strapdow. Environment

Though for the time being no FRG is used to the authors' knowledge as a strepdow gyro in a rough envi-
ronment, we will briefly discuss the steps which have to be undertaken to do so. Tin reason for this dis-
cussion is not purely academic, because the dynamically tuned gyro (DTG), which ideally operates like aFRG. is used at present in quite a nubr of strapdown system. We will regard the FRG as a reference for
the DTG, which is discussed in Section 3.4.4.

For the derivation of the FRG performance in a strapdown environment we Will follow the logic of Sc-
tion 3.3.3.2. In an FRG we often fndassume in following. Based on Eqs.
(3.2.22) and (3.4.11) the FRG transfer funct on should read:

(H + 1 +) ss- 2d,2 --(H. 01 ÷" ( - + JsoH( + d 2 2 (3.4.18)

*I~)s-d1 -J(s~I - +N~+ 10). + Is--
In practice the rebalance loop design is based on the undamped TOF transfer function G'(s) of Eq. (3.4.5)

in general, and the additional terms in Eq. (3.4.18) are added to the yro drift as shown in Tables 3.2.2b.
We thus may assume the following open-loop input-output relationship for the FM in the Laplace domain
(marked with "), which is similar to Eq. (3.4.14b):

+. I-iLg' +"A5  (3.4.19)
2wFor the angular rate measurement, rebalance. loops are implemented from the 2 pickoffs of the gyro to theL' ~2 torquers as indicated in Fig. 3.4.4&, .Where we have introduced for convenience - :i

NAt I[(S) - (s) , (3.4.20a)

with f and C' as matrices for the loop electronics and ; as matrix for the actual torquer scale factor:

F(s) - t, _, 0'(s) * • (3.4.20b,c,d)

So we find as vector for the closed-loop p1ckoff ingle:

" + " - Hrl D" (3.4.21)

Both components of this vector become decoupled from each other if we meet the following condi-
tion in the rebalance loop (3.4.20b) [3.153. ,

F11 1 .-F (3.4.22a)t ~~or "t

E(S) _ F [gi(s)]f1  
(3.4.22b)

Were "n a H/J - nutation frequency as metioned in Eq. (3.4.8a). The decoupled closed loop FIG transfer -.

fucisfor the pickoff angle vector ot the torquer current vector i and temeasured angular rate vector

'.e



b)

C)

Fig. 3.4.4 Block Diagram for the Usep of aTwo-Degre-of-FPeedom GYro for Angular Rate Neasuramet r
I (b anld c with decoupling in the rebalance loop)
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1XG .xI I+W) (- (3.4.23a~b.c)

where w - 4; following the~course of Section 3.2.2.6twe have introduced as resistor matrix 1. as nominal
gyro scale factor matrix and its error matrix t s. Eq.(3.4.20c)):-

(3.4.24a~b.c)

Fiiss. (3.4.bc) show in comparison to the coupled FRG in Fig. 3.4.4a the block diagrams for the pickoff
comments aiind the output signal commoents of the decoupled FRG, the f1ormer being truly decoupled in

both axes, whilst the latter are coupled via the angular acceleration sensitivity of the sensor. In their
structure they correspond exactly to Fig. 3.3.6 showing the use of two rate-intregrting gyro (NIS) for the
angular rate measurement about two axes. But they reveal an additional advantage for the use of a FAG for
this purpose: in the decoupled mode the FRG dynamics are reduced to (s. Eq. (3.4.5)):

§(s) *(3.4.2S)

i.e. the FRG acts as an ideal integrator, whilst the two RIG's in Fig. 3.3.6 act as integrators with tine
lag. But this advantage takes effect only at very high frequencies.

The reason for the decoupled FRG axes lies in the fact that the nutation is not excited by the input
angular rate, due to proper compensation in the rebalance loop. In order that this comensation is "proper%
the FAG prameters (nutation frvquencyj have to be exactly notched in the electronics. which is difficult
to do. If the decoupl ing condition (3. ~.22a) is not implemented exactly:

Fl, *FOO (1+e)!-Fla w (1+0) 2-Fol. (3.4.26)

the damping of the nutation is directly affected. The requirement for stable nutation is:

e 0. (3.4.27)

Let us once more cast a glance at the output signals in Eqs. (3.4.23a~b.c) of the FAG with decoupling
in the rebalance loops. For constant input rates (s *0) the output signals are:

L

integr~ators into the loop, the pcf angles are driven to zero for constant iptrates, thus lowerT"'g
the corresponding drift rates discussed in akble 3.2.2b. Row 4.

For Input frequencies exceeding the bandwidth of the sensor, which is in the order of magnitude of 5O to
100 Mx (-3 db), the rebalance loop will be blocked (F - 0) avid the gyro will react like an uwaged sensor:

10--

rigintolerances will modulate the pickoff output signal with the spin frequency an its harmonics. Notch-
filters are recommended to filter out the noise and prevent rectification in the closed rebalance loop.

The ite discussed in this and the former sections apply in principle also to the dysoically timed

gyro (DTG) whose peculiarities will be described in the next section.
3.4.4 The Dynamically Tuned Free Rotor Gyro (OTS) in a Platform and Streedasm Environment

In platform inertial navigation systams of the class 1 NNAl performance as Used in civil and military
aircraft the OrG has achieved triumphant success. Invented by b eandSavet at beach AmCMYe h
(Oscillo Gyro) and Litton (Vibrarotor, VtbragImal). Because of the excellent eXuerienc the e"ngiers hin
with this sensor the Teledyne Systems Company was the first to use it for strepdown application (SAG 5).

Kearfott. Litton. SGEll, INCOSYM and Litef followed this line and the first flight test results of strap-deow syste using DTG's are promising. K
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Teprinciples of operation of various OTG's will be discussed using Ft . 3.4.5. The figure Illustrate&
three generations of dry gyros. In the early versions the gyro rotor wa ;ato the motor by means

6 ~of a slightly flexible shaft or Hooke's joint (Ferranti groscopic gunsight 13.21). The torsional spring
torques cause the cross coupling drift rates ds?,and i asdscussed already in the previous section and£
shown in Fig. MAI.1. As we know from Eqs. (3.41 t1)ths cross coupliig drift rate causes the spin-

nin rto t pocssin & cone, onc it is ms lged from its equilibrium. Means to avoid this effect
were sought in implonenting negative Otorsional springm-torques as with permanent magnets or proper caging

The invention of Howe and Savet brought the mechanical solution: the Hooke's joint with proper mass
distribution, i.e. the gimbal suspension as shown in the center of fig. 3.4.5. The forced motions of the

giblwhen the rotor is misaligned with respect to the shgft, as more distinctly illustrated in .EiL
provide a negative net torque proportional to J1 ac (Jg a gimbal moment of inertia and n - rotor

injii ir rate) which can be mads to canmel the torsional spring torque proportional to the spring coeffi-
cient k by properly choosing 11and a.

Fig. 3.4.5 Three Versions of Dry Gyroscopes

Shaft cat0

Fig. 3.4.6 Notion of the Gimbal in a Dynamically Tuned Gyroscope

Fig. 3.4.5 shows also a 075, with two gimbals which has advantages from viewpoint of performance as'will
be shown below.alosutodsusteprom cefth G

The block diagram in Fig. 3.4.7 (derived from [3.2!25 losu]odsusth efrac fteDG
wit oe imal(suporscrTptilDs K 0 as Usre tote -rotor gyro (FRG, no gimbal. i.e..

superscriponts k - 1 - 0. and no torsio spIn ;U4coefficients K.. 0) whose block diagram is shown in
Fig. 3.4.1.

The center of Figure 3.4.7 represents the dynamics of the rotor and gimbal in the shaft-fixed coordinate
ine. We see the gyro dynamics In the forward loops and the coupling of both ame including the nutation
as indicated in Fig. 3.4.1 for the FRM. The direct and cross coupling drift terms, discussed in Section
3.2.2S.5 have been included in the diagram un'der~ the assumtion that they are Symetric (d11 d= o

d01 udio).

---------------------------------------------------------
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The transformation of the Input signals al. or N! o from the cas*-fixed coordinate frome into the
shaft-fixed frame causes a modulation with the Spin fr~quency n. Itin transformation of the shaft-fixed
angles ax~ into the case-fixed angles q.0 is achieved by demodulation with the se-e frequency.

In order to familiarize with this block diagrý let us use it to derive the already known characteristics
of the ideal FAG. i.e. we assum no daming (C - 0), no direct and cress coupling drift (Ndij a 0), no

this definition by reason of convenience and assum that In this sensor the "shaft-fixed" z-axis is :rle omsedn t ~ ieeeoesni ~k~l hf-ie oria te
ways prletothe motor axis and that the other axes are rotating with the spin speed n.

Tedynamics of the FAG-rotor are governed in the shaft-fixed coordinate system by the eigenvalues:

s aj 3  .n(; 1q (3.4. 3fa~b)

where /Q* ~ and J r I and jr j r * j1 in agreement with Sections 3.4.2 and 3.4.3. The ailenvalueps des-
cribe the spin frequec and tRe nu;ation frequency diminished by the spin frequency (S. Eq. ( 3.4.8)). An
initial misaligament angle of the rotor 01(o),is in the shaft-fixed coordinate system equivalent to the
initial conditions dx(o) a 01(o) and y(o) - n ~(o) and causes the motion

6x(t) a 61(o) cos n t dy(t) V 91(o) Cos (n t + W/2). (3.4.31s.b)

This oscillation is seen in the case-fixed frame as a constant angle 9,(o) as we would hae" expected for
the ideal FRG.
Coming beck to the DIG, this sensor with N sets of gimbals is tuneod" if the first two @1 evalues are the
same as for the FOG, iLe. if the initial (Isalignet anl )rusalns constant -at latin the mean.
The tuning condition is (s. [3.10]. Eq. (1).,3.6 and [3-5)

N 1/2

Z KM+,m' (3.4.32)

where the x-axis is alon the torsion springs connectin gimbal and shaft. the y-axis is along the tor-
sion springs cnetn ibladrtradtezai saogtesi xs(.Fg .. )

If the DTG is not perfectly tuned the residual torsional torques cause a 9 recession, i.e. coning mo-
tion of the initially misal igned rotor, whichinpicpeIsmlatohee. ftecrsculIg
drifts di and dol in the FOG~s Fig. 3.2.11 and Eq. (3.4.16a~b)). We obtain for the frequency of the
coning moIon due to mistuning (4. [.10], Eqs. (25) 2)an 4)

bi n (3.4.33)

wi th

an "n - no no a tuning spin rate
n - actual spin rate (3.4.34)

and the so called *figure of merit* (s. [3.10]. Eq. (20)):

Fm 1 1 (3.4.35)

2(j 9  
- J .

The higher the figure of merit (the order of magnitude of 800 is achievable. s. (3.181). the more the
DTG approaches the ideal FMG. The drift due to mistuning, i.e. the gradient of the coning motion at t - 0,
can be derived from Eqs. (3.4.16) and (3.4.33) as.

aP' 01.0(0) (3.4.36)

Because of the similarity of the effect of mistunino ( . [3.101. Eqs. 25 to 28) and cross couplin~g drift
rate (s. Eqs. (3.4.16&.b)) which is inherent in all FMs &n DTS s. the latter can be compansatbd by pro-1al chngn an or an0 (s. also Fig. 3.4.7. where Md,, acts in the sa way as the torsional spring

In this respect the DTC is superior to the FRG. Routine adjustments to 0.002 0 are mode on stand-
ard instruments and 0.OW - /h/arc sec: is achievable [3.191. Compared to the FRS discvs~er in the Previous
Sections these figures are lower by one to two orders of magnitude (s. Eq. (3.4.17)).

The direct coupling drift due to damping in the torsion springs and the ether error sources inhere. in
all FRG's (s. Fig. 3. 2.11) cannot be overcome in such an elegant way. As inany FIG evacuating the cost is
a means for reduction of daming, and corresponding drift values of less than 0.01 /ii/arc sec are achiev-
able. To prevent out-gassing of the bearing lubricants. the sensor is filled with hydroge at a low pres-

-. sure.
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The two branches in Fig. 3.4.7 describing the rotor dynamics in the shaft-fixed frame are symetric for
the TM. for the 076 with one gimbal they are asymmetric. timce the gimbal moment of inertia appears In
the lower branch only.

In order to illustrate one peculiarity Of the asymee10tric DIII let us estimate its response to an initial
m3;IsaigMet UO similar to the FMQ discussed above. We assume that the *symetry causes an amplitude
diffrence of oscillations in both axes of the shaft-fixed frame (s. Eq. (3.4.31))t

a.x(t) - 91(o) cos n t a (t) -e1(o)(1 + C) cos (n t + WI2) (3.4.37)
which transform into the cas-fixed frame as.

0%(t) 01 O(o) C sin 2 n t

81(t) 01O(o) ri + f (1 -cs2 n t)). (3.4.36)

i.e. a minlute oscillation at twice the spin frequency is superimposed an the expected solution *1(t) - 91(o).
This is confirmed by comparing the two pick*ff angle frequency plot& for a single-gimbal OTC with analog
rebalance loops shown In Figs 3J.8a iob. In Fig. 3.4.8a the measurements ware carried out with no input
into the sensor. The spillfrowency andiTts second and third hamnwics are clearly visible. If the rotor
is slightly tilted by a picko" voltage bias, the amlitude of the second harmonic is raised (s. Fig. 3.4.8b).

In (3.17] it is showm that the astwuetric single gimbal OTG not only has the elgnvalues describing the
nwtation on~ and precession wP but also *igenvaues at beat frequeocies, i.e. Rn A W4 and 2n t wP. The nu-
tation fro ency cannot be seen in Figs. III.S to c; in the design of the rebalance loops the Eqs. (3.4.26)
and (3.4.2P) have been observed.

causes syifttric rotor-imbal dynamics and in theory the complete reduction of the twice-spin frequency

But with th sigl-imbal 070 or Ohe saltigimbal 0TC with gimbal imperfections the oscillation at this
frequency romains.4n excitations in the case-fixed coordinate frame of twice the spin frequency cause a
rectified drift rate. Examples for the excitations are:

- angular vibrations of the case;

- oscillating torques on the rotor due to an input from the oscillating pickoff angles into the reba-
lance loops; and

- oscillating torques on the rotor due to linear vibrations from the ball bearings or from another 076
running at the son speed When the gimbals and the rotor hve" direct or quadrature pendulosity fl.58].

For a detailed discussion on the origin of the quadrature pendulosity in the case of a cruciform-type
flexure refer to [3.20].

Formual s for the sensitivity of a single or salti gimbal 0T6 to twice the spin frequency excitation are de-
rived in [3.10). For the single gimbal 010 the Eqs. (43) and (51) of r3.101 read:

-for an angular case vibration of (..0

41*(o) sin 2unt (3.4.39)

the 070dif is-

D I a #(a 3..0

where Kx~ a torsional spring coefficient of the inner. outer spring.

-for a vibratory torque on the rotor of
"I NI(o) sin RUnt (3.4.41)

the OTC drift is:

0 1 -I (0 V.-(3.4.42)

Thesft equations confirm again the benefit of a high figure of merit. From the viewooint of Performance
this sensitivity at twice the Spin frequency is the basic difference between the 0TC a'nd the FMS.

The sensitivity at twice the spin frequency is nonlinear since the gyro will react to an oscillatory
input of a certain frequency w~ at the sam frequency and at the frequencies 2n + w as shown in rig. 3.4.8c.
where the sensor was excited with a sinusodial pickoff voltage at 40 Hz behind 1he measuremeent output.
Therefore conventional transfer functions do not describe exactly the 0Th dynamics D~. 16] and [3.17]
and the control emgineer puts harmonic filters (comb filters) into the servo loop for the stabilization
of a platform with a IJTS or into the rebalance loop if the 0T0 is used for angular rate measuremeents. These

A ~filters allow the rejection of all spin frequenies and their harmonics which otherwise wojald circulate in
- I the control loop.
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(generated by ball bearing imperfections) and its harmonics from exciting the platform with a corresponding

angular vibration. They cannot prevent the mechanical cross-talk between the two gyros - an effect which
depends on the mechenical compliance of the platform-gimbal structure. Since this compliance changes with
the angular nrientation of the platfovm with respect to the case, the OTG shows more or less a so-called
turnaround error, i.e. a drift changing with heading of an aircraft. A means of reducing this effect is to
operate of thE two DTGs at different speeds.

The advantage of strapdown systems is that the compliance of the inertial measuring unit does not change
and the turnaround error does not exist. As long as the vibration is constant, thencorresponding drift may
be compensated. Th~is may be one reason why modern DTG's for strapdown use are again designed as single-gim-
bal sensors, s. Table 3.4.2a. Another reason is that modern flexible joints can be fabricated with small
dimensions resultingg in a hig1h figure of merit (up to 800, s. [3.18] ). ValUaLle hints on their design can
be found in [3.18] and [3.21] to L3.23].

With its three gimbals the Teledyne |065 gyro is an exception among the strapdown DTGs, but one may re-
gard it as a forerunner of DTG's for this purpose.

The comb filters in the caging loop of strapdown DTGs also suppress the effect of pickoff-angle oscilla-
tion at multiples of the spin frequency on the feedback torque which are generated by ball bearing imper-
fections, rotor imperfections and oscillatory vibrations of the 114J. Once the comb/notch filters are im-
plemented the DTG and the FRG should not differ from the control-loop-analysis point of view and the reader
is referred to Sections 3.4.3 and 3.4.4 for more details on its behaviour in a platform and strapdown en-
vireooent.

Due to the complex interior dynamics of the DTG its rebalance loop design is more complicated than the
single-degree-of-freedom (SDF) gyro. Also the implementation of range switching, i.e. the automatic switch-
ing of the DTn rebalance loop gain to higher values at high input rates, results in improved sensor perfor-
mance (s. F Sictio, 4.3), )-t raises special problems (s. [3.241).

Once the rebalance loop is optimized, the error budget of the SOF gyro, the FRG, and the DTG do not
diffr too much in principle from each other (s . Tables 3.2.1a to 3.2.2b).

In summary the DTG compares in the following manner with respect to the floated SoF gyro:

Advantages of the DTG:

- two measurement axes with one sensor;

- fewer parts;

- no drift due to shift of the motor bearings; o

- no "pig tails" because the motor, torquer coils antd pickoff coils are fixed to the case.

- no flotation fluid, and correspondingly:

lower temperature sensitivity;

drift adjusment during test;

- no backlash and friction in the gimbal bearings.

Disadvantages of the DTG when used for strapdown angular rate measurements:

- design of the caging loop is more difficult;

- lower angular momentum required for high input rates.

This last disadventage arises because in the De G the dimensions of the rotor and those of the torquer
depend on each other (Fig. 3.1.2),ein c3ntrst to t SDF gyro (s. Fig. 3.3.7). Because of this limitation of
construction the tGequer scale factor n [dn-am/A of the DoG Is lower as compared to that of the S
gyroA. To achieve gyro scale factor S - H same magnitude as the SDF gyro, the DTG has to run
at a lower sppdd (s. Tables 3.3.2 and 3.4.2a). An exception is again the Teledyne S06-5 which has a very
high angulk.* momentum, but this sensor has a low gyro scale factor and requires a very high torquing power
at hi gh input rates (ml kW at 500 0/s).

Fig. 3.4.9 shows the cross section of the Litton DIG 'Vibragimbal family 62, 64, 61200 for use on plat-
for"i g tUTH ,LTN 71, IN 33, LN 40). In Ftqu 3.4.lr we see the Litef K 273 OTS which is the sensor in the
strapdown attitude and heading reference ijiiETR4D. Finally, Table 3.4.2 summarizes some details on

DiG's for platform and strapdown application.

It'

-- l-e-anglarm-~n*--equredfor ighInpt rtes
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Ferranti Incos~ m Litef Litton Sagem Singer Singer Teledyne

Parameter 0 o nco K -S Kearfott Kearfott SDG-5
Type 142 DTG No. 7 Corex yroflex

Weight [(9] 227 100 250 400 130 140 275 < 1045
Diameter Em] 42.6 25.4 38 46 40 37 54 76
Length [m] 44.1 38.1 49 38 34 45 46 76

Spin Frequency
[Hz] 175 160 180 100 180 200 240 100
Angular Momentum

H [Ca-2/s] 1.3.104 2.8.104 8.1.104 1.4.104 2.7.04 1.8s1o0 1-.1o6

Moment of Inertia

Spin Axis
[g.=2] 25 129 22 119 1600

Transv. Axic
_cm2] 18 23 12 62

Figure of Merit 200 550 45 440 300 15

Maximum Torquing
Rate [°/s] 0.28 1200 200(400) 40(200) 300 200(400) 7.0 400

Torquer Scale 1.8

Factor [°/h/mA] °/h/V1) 3600 1100 1250 900 46(125) 170

Torquer Scale
Factor

Linearity (ppm] 30 100 50 500 100 10 25

Stability [ppm] 20 50 20 27
g-insensitive, Bias

Drift [°/h] <0.5 <10. < 25 0.005 5(+0.05) 5.0 1.0 <2.0

Day to Day Drift
[°/ h] 0.01(0.005) 1.0 0.3 0.01 <0.05 0.03 0.003 0.005

g-sensitive
Drift ( 0/h/g] <2.0 < 1.0 < 25(±D0.3) 5 2(±0.03) 5.0 1.0 <0.2
g 2-sensi rive

Drift rO/h/g 2 ] <0.06 0.10 0.15 0.02 0.2(±0.03) 0.03 0.001 <0.03
Short Term Drift

[°/h] 0.005 1:0 0.3 0.002 <0.01 0.003 0.0003 0.001

(figures in(o 1tlo tfor spin axis

vertical) 0.005(02002) 1.0 0.3 0.002 <0.01 0.003 0.0003 0.001

Operating Taepe- 2(0.)-05)
rature [°C] -40 to +80 -40 to 90 -40 to 90 -40 to 80 -40 to 93 -40 to 71 -40 to 93 .- ;• --

Vibration [g] 30 30 10 10 200 100 •~ i
(10 to (5 to (5 to (10 to (10 to (1o to ..
1000 Hz) 2000 Hz) 2000 HZ) 1000 Hz) 1600 Hz) 1000 Hz)-•'.:%-'-

Shock [g] 60(lims) 250(6m%) 30(100, 100(0.5 ms) 225(1.5ms) 100(Il~m) 150(7.5ms)
Liner Acoio-2 ms) 225(5ias) ••. -

ration [g] 20 <20 50 225 200 150

j Number of"Gimbals 0(bea. 1 1 1 1 1 2 3 " ii
• shaped ro-

tor with
single do-
gree of
freedomelastic hinge)

1) capacitive torquer

Table 3.4.2a Dat&. for Som Dynamically Tuned Gyroscopes

S... .- . , ., • ... ..... ..... . .. ... 4 - . - , • . . . . ..- . ..
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No. Singer Kearfott Singer Kearfott Teledyne
Gvroflax Conex .SDG-5

1 Gyro Mechanical Resonant Freq. [Hz] 240 200 100

2 Gyro Time Constant Es] 100 5o 250

3 Rotor Angular Freedom [0] 0.5 1.0 <0.5

4 Torquer Axis Adjustment [arc min] 0.5 30.0 <1

5 Spin Axis Adjustment [arc miin 0.5 3.0 < 1.5

6 Mass of Rotor IV] 44 22 260

7 Mess of Gimbals and Weights [19] 0.6 0.7 33

Rotor CG-Adjustment

8 Axial [(-] 0.3 0.61 8o
9 Radial [PiS 0.1 12.2 130

10 Gimbal Axis Separation Adjustment [imA 20 6.7 50

11 Quadrature g-Sensitivity [o/h/g] 0.25 < 1.5

12 Spin Axis Mass Unbalance [°/h/gl 1.5 10 <1

13 2n-Translational Sensitivity [!/h/g peak] 0.5 20 0.2

14 2n-Angular Sensitivity [0/h/arc sec] 0.1 5 0.1

15 Quadrature [-Sensittve Drift [°/h/g] 0.25 1.5 3

16 Torquing Power [watt] 26 for 10 0/s 3.5 for 100 0/s 40 for

Umcompensated Temperature Sensitivity

17 g-!ntensitive Drift [O/h/K] 0.0005 0.03 0.001

18 g-Sensitive Drift [0/h/g/K] 0.003 O.(GS <0.02

19 Torquer Scale Factor (ppm/K] 25 25 -115 + 25

20 Pickoff Offset (arc/sec/K1 0.05 0.1 0.1

*A
STable 3.4.2b Addittional Data on Some Dynmitcally Tuned GyrosiI

rI
. U ••.'i

II



Fig. 3.4.9 The Litton Ylbragiubal Gyro A~ssmbly

- 3.4.10 The Litef K 273 Strapdown Gyro

4 A
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3.5 Optical Gyros (OG)

3.5.1 Introduction

directions in an optically closed path are affected by the rotation around the axis normal to the optical

I~v ring. This phenomenon was first observed by Harres in 1912 and by Sagnac in 1913 [3.26, 3.27].
The sensing element of the optical gyro thus is massless and the sensor should show no errors due the'Idynamic environment. This feature appears to offer enormos advantages when compared to the mechanical

gyro, especially when the gyro is integrated into a strapdown navigation system (Section 7.4.4). Therefore,optical gyros would seem to be the ideal sensors for us* in flight tests over a wide range of different

Thefolowig tpesofoptical gyros are in development or In use already:

- optical rate sensors (ORS). where the output sir.nal is a phase shift between two light beams. and

- rate integrating sensors (ring laser gyro Ri.S), where the output signal is a frequency shift betweentwo light beams which can be directly converted Into pulses proportional to input angular increments.

The sensitivity of the optical gyro depends on the area A enclosed by the light path. For a given
outer dimension, the use of fibre optics to increase this enclosed area by Lmerous windings would appear
to be an ideal way of increasing this sensitivity.

For the optical rate sensor, i.e. the classic Sagnac ring interferometer, the scale factor is propor-
tional to the area A enclosed by the light beams (s. Eq. (3.5.3)) and the use of fibre optics opens a way
to increase its sensitivity. This is essential if the sensor is to be of tolerable dimensions, because
its sensitivity for one fibre winding is extremely low (e.g. 3.5 arc min phase shift per 1 red/s input rate
for a circular path of 10 cm diameter, s. Eq. (3.5.3)). However, once this technique will be available, the
instrumentation engineer will gain freedom to further reduce the outer dimensions.

The development of the fibre optic rotation sensor is being actively pursued bymanly institutions.
Itis hampered bythe fact that in this sensor tIhe light beams are in contact wit matter throughout their

long path and consequently suffer adverse effects.

For the optical rate integrating sensor the scale factor Is proportional to the enclosed area A divided
by the length L of the pth (s. Eq. (3.5.7)) and the use of the above mentioned multiturn path does not
present any advantage. N or is there a need for increasing the sensitivity, because It is already extreme-
ly high (e.g. 18 Hz per 1 Earth Rate Unit ENJU for a diameter of 10 cm, or. expressed In different dimen-
sions, 2.3 arc seconds input angle for 1 pulse output, see Eq. (3.5.9)). High quality sensors are being4
built using three or more mirrors within a linear dimension of 10 co.

At the present time the main drawbacks to the use of optical gyros, compared with mechanical gyros, are
ther aailbil ,cost and size. The mechanical gyos will certainly be retained for use as stabilizationdicsadstraplown sensors for lower accuracy (drft > 0.1 0/h) for some time to come.

In tbe following paragraphs a brief review of the physics of the Sagnac interferometer is given together
wth Its application to the optical rate sensor (ORS) and the ring laser gyro (RLS). The main sources of
eror are also discuse and examples of the RLS are given. No similar examples for the ORS are presented
b this sensor s not yet left the laboratory development stage.

5.2 The Sagnec Ring Interferometer (SRI) as a Basis for the Optical Rate Sensor (ORS) and Ring Laser
gYro (ALUi)

Around the turn of the century. discussions took place among physicists about the nature of light. In
1881 Michelson investigated the nature ofe moving source of light using a linear interferomter [3.281
but this investigation did not show any measurable effect, thus proving that the speed of light (c) emite
from a moving source remains constant with respect to Inertial space. However, for the soft reason, the
Sagnac ring .nterfrometer, see Fig. 3.5.1, showed an effect.

The SRI shown in fjt.ýj consists of a light source (LS). a beam splitter (8S). three fully re-
flecting; mirrors,. M1I.iF WN for guiding the two light beams I and 11 on a square path beck to their
common origin on BS where part of their power is comined and projected onto the scren (SC). I h pi
cal paths for both beams are identical. aphoton emitted from BS on pathslIor 1I will reach the origin
again after time T - /c where L is the length of the path and c the speed of light. If
interfetrometer is rotated in the direction shim with respect to inertial sce it can
c is constant with respect to Inertial spe. the light bem I will reach eorigin on BS at a time ati
later than T. Similarly the light beae a1fll reach IS at time Atjj earlier. The equations for at can

J easiy ybe derived for the circular path interfarometer with radius r and arem A (e Fig. 3.5.1b as:

at1,11- L w r/c2 and

AT ssAt eAt of- a WA (3.5.h ab)
with AT being the time difference betwee both beams. This time difference can also be interpreted as if

the beows had travelled optical paths differing by the length

AL. cATu 44 w.I (3.5.2a~b)I ~c c -,



tThis interpretation helps us to understand the ring laser gyro very easily. It i s shown in [3.291 that
the formulas (3.5.1b and 3.5.2b) are independent of the shape of the enclosed area A.

The time difference AT between the beems causes a relative phase shift &p or a relative shift &Z of
the fringe pattern once they are brought to interference,

c.6T 4 10- pe -1rd/s ha b92WAZm --. w a3.57 arc min perw -1 red/s

(3.5.34kb)

where for the figures the following assumtiont hay, been made- a circular path of 10 cm diameter. a light
source of Me-No (A 6.33. 10- cm) and c 3 IOJLO cm/s. The numbers reveal how weak the signal is.

wae" guide,
M2 anme fibre

35 MIIS S LS S
Fig. 3.5.1 Sagnac Ring Interferovieter (a) and its Circular Substitute (b)

M1 I+I to cunte i

Fig. 3.5.2 The Ring Laser Gyoin Principle

1rA
=771



61

"Threshold values of Az and hp found In the literature (3.30] are:

""Zmin 10-3 aptn - 2 -10r7 red a 4 • 10"2 arc sac. (3.5.4ab)

These equations show that, with the ORS evaluating the direct phase shift, it should theoretically be
possible to measure,

uin " 40 l/h. (3.5.S)

This readout method was investigated at Lear Siegler for the development of an ORS. Thokgh the above
mentioned threshold was confirmed, other adverse effects limited the sensitivity of a 20 cm square set-up
to over 25 a/s [3.303.

The readout method of the fringe pattern shift was used by Michelson and Sale In 1925 and they even a--
naged to measure the rotation of the earth with Az a 0.251 But their interferometer was of unwieldy outer
dimensions, namely 340 m and 610 . separation of the four mirrors [3.313.

*. 3.5.2.1 The Optical Rate Sensor

Pt present scientists in different countries have high expectations for the use of fibre optics in the
SRI in order to develop an ORS of high accuracy and acceptable dimensions [3.32 to 3.373.

The expectations are nourished by the following advantages of the ORS as compared to the RLG discussed
in the next section:

- the use of integrated optics promises that the ORS will become a very cheap sensor; and

- a solid state laser may be used in the ORS instead of a gas laser of limited life time which is at
present required for the RLG.

For the ORS, the scale factors given in Eqs. (3.5.1 to 3.5.3) are increased by avery turn of the fibre
optic coil by substituting for A in these equations.

A - n A' (3.5.6)

where A' is the man area enclosed by each fibre optic turn and n is the numer of turns.

Assu•l that the threshold for measuring the relative fringe shift is, in accordance with Eq. 3.S.4a.,
Uz a 10"thene in order to measure I Earth Rate Unit (ERJ) with an ORS having a circular path diameter of
10 cm, the number of turns (n) required would be 82918 and thus the length (L) of the fibre optic 26 1.l 4

If the method of direct phase shift measurement could be exploited with the corresponding threshold of -a
Eq. (3.5.4b), then only 3 turns with a length Lh- I m would be required.

the light frequency are applied to convert the ORS output signal (phase shift or fringe pattern shift) in-

to an output frequency.

The present state of the art is characterized by the fact that in the laboratory short-term noise equ-
valent rotation rates below 3 O/h have been accmplished with sensors of 30 cm diameter and 200 m fibre, [ length [.3.37].

The development of an ORS is beset with problems and the following are just three important ones. They in-

dicate why the ORS has not yet progressed beyor.d the laboratory development stage.

- Expansion of the optical fibre and stress due to a temperature variation, for instance, affect the ORS
scale fgctor and/or the optical properties of the fibres. though the corresponding effects are reci-
procall) and in general separable from the non-reciprocal effect due to sensor rotation, they do af-
fect the measurenmet and have to be copensated.

-Time varyinq expansion and stress due to temperature gradients, for instanceas well as magetic stray
fields cause non-reciprocal effects which are not separable from the signal to be mesured. These
rate errors hay been estimated [3.38]. For an ORS with an optical path diater of 20 an a thermal
gradient of 10-K K/s over a length ofrl a will Indce an error of 0.1 o/h. A similar error will also
be introduced if the magnetic field in the sMam W3 changes by 1/go of the earth's magntic field.

- hckscattering noise within the fibre and noise in the reedoutwmAich is reduced by tMing phase modu-
lation techniques or an incoherent light od subewquet filtering [3.37].

3.5.2.2 The Ring Laser Gyro (RLG)

The sot-up for the ring laser gyro (kLG) in Fja, .j.differsainprincipletram the anefor theORS inFig. 3.5.1 in the following way. 1he light source - a gas 1aser-is mantd into the optical path replacing
the exterior light jource plus bem splitter of Fig. 3.5.1; the end mirrors of this laser tube are replaced
by Brewster mi rrors~J the optical path mirrors MI, V2. 143 are turned in such a way that, instead of the
laser tube alone, the witole optical path acts as a resonance cavity.
1 Non-reciprocal effects are caused by motion or magnetism, wereby light beams travelling in matter in

opposite directions are affected differently.

2) Brewster window: material glass; angle of 570 with respect to optical axis; allow transmission without
loss of light linearly polarized in the plane of incidence and reflect light linearly polarized normalI
to the plane of incidence [3.283.
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In this particular device the optical path is composed of three mirrors only, as it is pursued at present
b al1 manufacturers with the exception of Litton. which selected four mirrors. The mirror (MI) is partial-
ly transmitting and the prism (P) is part of the interference optics.

The ring laser is tuned to an oscillation with a frequency v and a wavelength A, which is an inteer
of the cavity length L as in a normal laser. Due to the Sagnac effect, the cavity length of both light
bems l and II will apparently be displaced from L by an amount All ; chti and AlI a c~tll or relative
to each other by an mount UL (s. Eq. 3.5.2ab)). This results in a frequency difference Av.

With Av/v - A./L and c/v - A, where A is the mean wavelength of both beams, the frequency difference becomes:

bh [Hz] = 4A-w [rad/s] - 9.12" 10 4 w [rad/si (3.5.7)

for a triangular path with a side length of 10 cm and X - 6.33 10- m (Ne-Ne laser).

This frequency d iference causes a wandering of the interference pattern at the screen (SC) proportional
to the angular rate with respect to inertial space.

i ~A photodiode mounted on the screen (SQ) will count the numbier of fringes that pass it. Each fringe may

then eisily be converted into a pulse whch indicates the angle increment through which the sensor has ro-
tated with resiet to inatae space. The nuaber N of pulses for the total input angle displacement A:

Sa 4Ala At .7(3.5.8)Na

defines the RLG nominal scale factor S. which for A = 6.33 * 10'7m and a triangular RLG of 10 cm side length
has the following magnitude:

S At . U . 2 3 [ar c . (3.5.9)

This result indicates that the RLG is ideally suited for use as a flight test sensor and in strapdown

navigation systams.

3.5.3 Design Criteria for the Ring Laser Gyro and Sources of Error

3.5.3.1 Characteristics Cnoln to All Ring Laser Qyros

Let us first cement on the selection of the laser - gas laser, liquid laser or solid state laser. Not
only can any laser amplify light of a fixed frequency but also light within a broad spectrum due to the
Doppler effect of its moving atoms. Yet the laser will oscillate at the frequency whose wavelength is an
intAger of the resonance cavity L - nX.

In the RLG the need for the indepenent amplification of two light bees of different frequencies in one
laser makes it necessary to use a gas 7aser. For the He-No gas laser, which is most comonly used in RLGs,
the amplification bandwidth is 1500 MIz, approximately. The intensities of the two light beams vary periodi-
cally with the rtesonator length as show in Fig. 3.5,3 ("mode distance* in this special case a 500 Melz).

Here the intnsitties 11 and 12 of the two light beams countertravelling in the ring laser are drawn over
the variation of tube length. The curves are periodic with the wavelength I of the centre frequency (the
small apparent shift betaeen both intensities is due to the construction of the plotter).

12+ 

i

17 1T7 12

j kiaator Length A# v
Fig. 3.5.3 Amplification Spectrum of Input Light in a He-Ne Laser Tube
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Distinctly to be seen in Fig. 3.5.3 is the so-called "Liab dip" near the maxima of the intensity curves,a condition in the RLG., when both light beams have the sam frequency (zero input rate), I.e., when both
beams have to be amplified by atoms of zero velocity 13.39 . When only one isotope is used this t"Lp dip"
is only possible for one of the two beam, the intensity of which increases abruptly at the expense of the
intensity of the other beam. If two isotopes are used with their gain curves and centre frequencita shifted

i1ightly relative to each other, this "Lift dip effect is reduced. Therefore, two N. isotopes ("Ne and
No) in& mixture of 1:1 are mostly used (s. also Fig. 3.5.10).

The velocity of the gas within the laser tube, caused by the high voltage electrical field (Langmuir
flow) and temperature gradients, will result in a constant frequency shift between the two counter-travel-
ling 1 ht beams, which will be detected at the screen as en angular input rate. This is due to the so-
called 'Ftzeau affect". describing the effect of the velocity V of an illuminated flowing medium of refrac-*• tion index n on the speed cm of light (3.39]:

(1 3 1(n2 1) (0.9997 + 1.999 10-11). (3.5.10)c- n_- c

The nuhersare good for V lcm/s. c .10 8./s and n 1.0003 for air. In the RLG this causes a
change of optical length or an apparent frequency difference Av or angular rate A. [3.40]:

A -2(n - 1) d I 6HZ, i.e. Aw 4 °/h- T EU (3.5.11)

for a ratio of the laser tube length d to the total length L of the cavity of d/L - 1/3 and X * 6.33.10- 0
as for He-Ne.

To overcome the Fizeau effect, RLG's are always fitted with losers having two anodes and one cathode or
vice verse mounted symmetrically within the tube as indicated by Fig. 3.5 .4. which shows the basic designprinciples of a Honeywell laser gyro. If only one anode were to beus result wuld be an apparent

t :rotation of the sensor proportional to a multiple of 100 0/h L3.41]. The sensor may be biased to compensatefor sow of these effects by adjustment of the high voltage (ca. IS00 V) in both branches. The number just

quoted indicates that a highly stabilized control of voltage and of tamperature is required.

ANODEAOD

LENGTH LENGTH
CNR CORNE

TRNDUE DETECTOR

CATHODE

Fig. 3.5.4 Sasic Configuration of the Honeywell Ring Laosr Gyr

Another source of error is due to the fact that the refraction index n depends upon the frequency v
of the transmitted light. This causes the prime pectre of white light, &mW is known as the 'dtspersion
effect'. For the AL6 this mans that the optical zavity length L a n (v) dl (with dl a length Increment)
and thus its scale factor (a. Eq.. (3.5.7)) are functiom of v. This nonlinearity In the order of 0.1 % to

is cpensable if the operating characteristics of the laser reain constant [3.40].

However, the dispersion effect defines the stability required of the man light frequncy, Ie. the ste-
bilit of the cavity length. This Is firstly acoplse b using material of a very low thra expansioncoefficient (Cer-Vit, Zerodur) and secondly by conrolling the mean intensity of the two light beam to its
relative maximu. This is accomplished by means of a control loop from a photodiode on the partially trans-
mitting mirror to a piezo element, adjusting ae of the mirrors to the constant cavity leaght. The intensityJ maximu can be sensed by additionelly dithering the piezo element.

W~lq ýT
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The path lenght control to the maximum of the mean light intensity makes any other temerature control of
the sensor unnecessary. We may thus state two essential advantages of the RIG over other gyroscopic sensors:
digital output and temperature insensitivity - at least in theory!

A RLS incorporating the above design features will work satisfactorily for high input rates of w~; in '
fact the upper Input rate is only lini ted to values above 900 to 100M O/s by the fact that the modulation
amplitude decreases with the output frequency t3.42J. But the RIG has a lower limit on input rates ofa
few hundred degrees per hour (Fig. 3.5.5)6

&vlkHzI 50S

-110 OF7.13w*s') A 0.017 m2

-~~ -~0.6. m
A- -6.33 10- m

I, _ ____ ___ __j

Fig. 3.5.5 The Lock-In Effect of the Ring Laser Gyro

This is due to the so-called "lock inm effect experienced by any two weakly coupled oscillators with
neighbouring natural frequencies. If this type of oscillating stam is excited near the natural frequen-
excitation frequency is distinctly different from the natural frequencies.

Inthe RLG the coupling of both oscillators. i.e. the two light beamses is caused primarily b~the scat-
teigof light at the mirror surfaces and within the laser tube. The relationship between th ock in'
rat (w), hemirror backscatteril amp~li a (r -10-2) into the whole solid angle, the beam diameter

of lih (c me), 1' /) n the wnlýedae A ve3. legt a~ ri- ua 6 .3 t ic.~ l path of 10 ca side lengthth spe
of igt ( - X 9 /s)andthewav legt (X 6.3 x 0-1m or Ne-He) is given as[34

.L. 2.03 .105 . 2 570 */h. (3.5.12)

This corresponds fairly well with experimental values. It is interesting to note that )L - A,. i.e. re-
duction of the wave length is beneficial, because it Increases the scale factor (s. Eq. (3 .6.9)) and re-

dcs the value of w3- (s. Fig. 3.5.4). Another approach for the analysis of the lock-in problem is presented

The "lock in' effect cannot be comletely overcome. Its reduction through the development of improved

sult frm a anlyss ad laoraorymeaureentarepresented in [3.44] and [3.45]. "Lock-in rates as
lowas 00 /hhav alreay eenaccmplshd [.43 .However, the value would still be too high for a son-
sor iththee chraceriticsto e ued i naigaionsystems.

The"lok i* efec ca beovecom by"poingthetwo light beams to an environmen t which cautes non-
recirocl efecs. ~e.effctswhih ifluncethelight beams differently according to the directions

P In;9ih tey ae taveling Asstaed erlir teseeffects may be induced by:

- motion, or
- magneti sm.

These effects ma be introduced by emloying "bias tachniquesu,(s. Fig. 3.5.6) namely:

-as a continuous bias.or
-as a periodical bias or dither.

Different accuracy problems arise-from the use of these "bas techniqueso. i.e.

t - ~~if the bias is applied continuously (s. F tmtehg enough (e.g. 100 s/s) to ensure
*1that the RIG never enters the "lock In" TI a tou b stable enug to ensure that after cwm

pensatiom sufficient accuracy is achieved. (elg It 00)t bhe requiremet far relative stability Is
thus:

&Ww 3 14.(513

if the bias is applied periodicei a . ig 3.6.6b to t), the gyro will-enter the "lock In" region twiceper dither cycle and, on leaving is reintea omwill attemt to pull Into phase lock. The
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resuitin~cphase shift (order of magnitude Some 10 0  will, at the best. constitute a source of rate
noise wh hi can never be made zero. These errors w 11 accumulate in a random manner when the E.G out-
put is summed up giving rise to a "random walk" cumulative output arr-or, whose laband increases with
the square root of the elapsed time. This is particularly serious when short measurement times are
employed for the extraction of the sensor's drift; the apparent drift due to the random walk will be
quite large [3.46).
-A second error source with this dither compensation Is due to the fact that the gyro aces not measure
the vehicle's angular motion while passing the miock in" region. this also contributes to a *random
walkw drift depning on the dynamic environment and the time during which the E.G passet this region.
A high dither frequency. or preferly a square-wave dither motioq, are of advantage.

-A third error source with the dither comensation is the scale factor nonlinearity at input rates near
the maximum dither rate (a. Figi5.66.ja). It arises from the fact that at this input rate the highly
nonlinear maxim.m dither sinew I~i into the lock-in rv egion. This scale factor nonlinearity shows
an almost square law dependence on the lock-in rete [3.46] amounting to 50 ppo at a lock-in rete of
approximately 0.4 O/s.

An obvious technical solution to a continuous bias would be a mechanical rotation of the E.G at )100 O/S.
This would require an exact knowledge of the angular rate applied in order to compensate accurately for
this rotation or, conversely an exact measurement of the agebetween the rotating ERV and the base. As
far as it is known, this technique is not currently being porsued.

The required stability in Eq. (3.5,13) for a continuous bias cannot be achieved by using magnetism.

bias tchniqest airet pursued, is no mit o th t andard indaerG I the s nmofI (ifstroentsa ltwo Egyro arin-
lthercnetfrsuse by Mamltn Sanar under the now of ODILM" (differential rin laser gyro) inwihcntnagndti

bia tehniuesareuse. i no tht eploed n aconventional RG nteeisrmnstoR~ r m
plamented in one cavity with the constant bias acting in a positive or negative sense upon both. Errors in
the bias cancel out in the combined output and thus the stability requirements of Eq. (3.S.13) are not ap-
plicable [3.46). We will come beck to it in Section 3.5.3.5.

Technical solutions which have been a pp lied by various design agencies using these concepts are discussed
below and their characteristics are comi led in Table 3.5.1.

3.5.3.2 The Ring Laser Gyro Using the Mechanical Bias Technique (Mechanical Dither)
(Manufacturer: foneywell US, Honeywell G, Litton, Rockwell. Sperry UK, CRODUZET-SFENA F)

tions of 0.31 amlitude and 50 Hz frequency i.e. of 1 /s7&-5ngu a-r~ ramlibide, approximately. The
diter ompnsaionis onein on elegant way by mounting the readout prism and the detectors casefixed

ts he w Rin Fig.one totecsev.ato5o.7b,~s i l~ hi xiedt nulrvba

Besie te dawbck hatmechanical motion is used in a sensor which Is solid state from its physics,
brin mcaiabou betterhi another drawback: the bias motion is a sinusoid and not a square wave (which
woul brng bou beterperformance since the lock-in region is traversed in the shortest time possible).

But sofar this cnetis pursued by nearly all manufacturers (s. Table 3.5.1) which may be due to the
following factors:

- most of the research time has been invested in this concept
-mechanical dither does not have a problem concerning symmetry. since even with &symetric dither rate

I its integral will not increase with time-the readout concept compensates the dither regardless of its time dependence.

3.5.3.3 The Ring Laser Gyro Using the Magnetic Mirror Bias Technique
(Manufacturer: Sperry)

In this RLG a magnetic environment is used to create a non-reciprocal effect. In 1876 Kerr (UK) [3.47)
showed thott the use of magnietic mirrors affected the properties of light. The transverse Kerr effect is
used in this E.G to separate the frequencies of both light beams at zero input angular rate (s. Fig. 3.5.8).
The maximum effect occurs when the two beams are polarized linear in the plane of incidence and the
magnetization (M) is in the plane of the magnetic mirror and normal to the plane of incidence.

The magnetic mirror consists of a very thin transparent layer of especially composed iron garnet, to-
gather with a high reflectivity multilayer dielectric stack 13.481 to 13.501. A reflectivity of over 99.8
is obtained. The differential phase shift for the oppositely directed waves is 2.0 arc minutes which pro-

duces a bias equivalent to 60 degrees per second in a 0.4 is path length gyro operating at 1.15 x 104 a way-
length.

By periodically switching the sense of the applied magnetic field the bias is likewise Criodically re-
versed. The garnet material has a very squre hnteresis loop with 16 A/a coercive force. a result
the bias obtained reverses very suddenly, inl10- seconds, and there is essentially no time spent in the

zre rte dead bend. This eliminates the lock-in effect as a source of gyro random walk drift, allowing
. .~ jthe quanta. noise limit to be reached.

The square loop magetic property also makes the bias mirror very insensitive to stray magnetic fields,
or variation In the strength of the deliberately applied field, since the mirror is Operated well into
saturstion.

With the garnet mirror. arandomwalk dift ofo0.0a6 deg/.tI ~a 1.15 x110 aisachieved using a
0.4 m optical path gyro. At 1 0.63 xl10- m a random walk of 0.001 or lower is realized, owing to lowe2 /i scale factor and higher lasing intensity.
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3.5.3.4 The Ring Laser Gyro Using the Faraday Cell Bias Technique

The use of a Faraday cell is an alternative method for separating the two light beans in a RLG (s. Fig.
3.5.9). In 1845 Faraday showed that the plane of polarization is rotated by a magnetic field whose inten-
sity is parallel to the direction of the polarized light beams transverslng the isotope matter [3.47]. The
sense of rotation is opposite for positive and negative propagation directions parallel to the appliid magnetic
field. This may be understood as occuring because the index of refraction of the material depends on whe-
ttier the precession of its electrons about the applied longitudinall magnetic field is in the same or the
opposite sense as the rotation of the circularly-polarized light's electric fiald. Equivalently stated.

•"1 the Faraday effect introduces a differential phase shift between circularly polarized modes travelling inS~opposite directions.

In a RLG this rotation of the circular polarized lignit may ý transformed into a corresponding phase
shift of linear polarized light by means of two A/4 plates in 1-,ant of and behind a Faraday cell. The weak-
nesc of this method is that the effect is proportional to the length of the Faraday cell and the magnetic
field, an: thus the stability requirements of Eq. (3.5.13) can never be achieved. Temperature changes wihich
affect the length of all intra-cavity elements can, to a certain extent, be overcome by proper design [3.46].
and by periodically switching the direction of the magnetic field. However, any stray magnetic field will
generate a false angular rotation signal.

Thus i general requirement for any RLG may be derived as:

"The length of the intra-cavity elements transversed by the beans has to be reduced to a minimm since they
may act as unwanted Faraday cells."

The use of garret as a Faraday cell material theoretically opens up the possibility of reducing the sensi-
tivity of the RLG to stray magnetic fields since this material can be brought to magnetic saturation. How-
ever, its ability Lo transiit light is rather low thus preventing its use in a straightforward manner.

The above mentioned problemis may give an indication why the Faraday cell bias technique is at present
not used in a conventional RLG by any design agency. The Faraday cell in an external cavity or the Faraday
mirrnr are discussed in L3.49].

3.5.3.5 The Four Frequency Laser Gyro (FFIG_

(Manufacturer: Raytheon [3.461)

The FFLG takes advantage of the fact that one single cavity can not only serve as resonator for two
counter travelling light ocams, but for four light beans - two in each direction, once they are polarized.
Onl, two circular polarized light beams (right-and left-hand circllar polarized, rcp and lcp) can be brought
to resonance in each direction.

Fit. 3.5.1Indicates the elements of a FRtG resonator: four mirrors, the laser tube, the reciprocal
(direction-i1WdPpendent) polarization rotator and a Faraday cell as non-reciprocal element. The polarization
rotator (typically, a piece of quartz cut normal to its main syetrical crystalline axis) allows only rcp
cr lcp beams to come into resonance in each direction. It simultaneously splits the frequencies of the rcp
and lcp beams, since after traversing the rotator the rcp and lcp bean are rotated by 2e with respect to
each other, corresponding to a relative phase shift of the s amount and to a frequency shift of

or (3.5.14)

c/L being the free spectral range of tho original (empty) cavity. For the case of a 900 rotator, the modes
are split by one half of the free spectral range and therefore have a symmetric spectral distribution. Thus
iii the clockwise (cw) an4 counter clockw.s. (ccw) directions rcp and lcp light beams are brought to reso-
nance, i.e. a rcp and a lcp ring laser gyro is implemented at frequencies split by

V- 3.5.15)

as indicated in Fig. 3.5.10b.The lock-in effect in the two gyros requires the application of the bias tech-

niques discussed tnhe previous sections. For ti;is purpose a non-reciprocal polarization rotator.e.g. a
Faraday cell,is tsed as shown in Fig. 3.5.10 with a frequency splitting lower than the one mentioned in
Erq. (3.5.15) for the two gyros.

The non-reciprocal rotation effect of the Faraday cell ferther splits, in opposite senses, the counter
travelling modes of each gyro. The resulting four frequencies are shown under a composite gain in Fig.
3.5.lb. The Fdradcy frequency splitting Is:eF

hF vb . va = vd c. c 0 (3.5.16)

Fwith eF Faraday rotation in radians.

The Sagnac or laser gyro effect (s. E4 . (3.5.7)) in the two gyros is:
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Fig. 3.5.10 The Four Frequency Laser Gyro and its Output Signals

If the differential output between the two gyros Is taken

ftu - (vd - c) 61(b - S) 4• (3.5.18)

S the Faraday bias hJF will cancel and the rotation-generated counts of the two gyros (rcp and lcp modes) add. ,
Thus the sensitivity of a FF16 is twice that of a conventional ring laser.

enbling the two gyros to avoid the T"lock in" region. The r ndcm walk iLrror should thus be avoided pro-
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3.5.4 Error Model of the Ring Laser Gyro

So far we have discussed the functioning of optical gyros (OG) and some error sources. An error model as
basis for calibration and compensation is still pending. The situation for the OG is in this respect dif-
ferent as compared to the mechanical gyro, for which we have found in Section 3.2 the min contributions
to an error model as result of an analysis. With the OG the error model is at the present time primarily
based on experience. i.e., found empirically, with the exception of some errors as for instance due to akis-

1alignment, scale factor nonlinearities near the lock-in threshold (s. Fig. 3.5.6d) and signal readout.

Contributions for standardizing the error model, for calibration techniques and for methods to analyse
the results can be found in [3.52] and [3.53].

In summary the RLG output signal in these references is written as (s. Eq. (3.5.8), (3.5.9) and (3.2.45)):
t

N [arc sec] a S f (1 + K) (w, - D) dr (3.5.19)

where

0 • drift

S - nominal gyro scale factor, being in error with the actual one by K (s. Section 3.2.2.6):

K • 6S/S. (3.5.20)

The scale factor error K and the gyro bias again are functions of a number of external parameters, such

as temperature, gradient, time, switch-on to switch-on, and the applied magnetic field which
are modelled for caibration in the following way:

K -K(W) + T(T T) + AT AT (3.5.21)
D - Df + Or(t) + dT(x - To) + g AT AT + H H + de + d( + Dre (3.5.22)

where

K(WI) - scale factor error as function of input rate wl, which may be highest near the lock-in
bias rate, s. Fig. 3.5.6d, but small compared to the mechanical gyro

TK - temperature sensitivity of scale factor

K AT . [ ATI KAT0 K AS] - row matrix representing the sensitivity of the scale factor for tem-
perature gradients ,n the three axes 1. 0, S

S - LATI ,.T0  ATs] I temperature gradient vector along gyro axes 1, 0. S

D - fixed RLG bias

Dt(t) a deviation of the bias as function of time
•." dT

dA . bias temperature sensitivity
d •T • [TI d 0o d' S] -row matrix representing bias sensitivity to temperature gradients

_z In the three axes 1, 0, S
M AH1  dHo dHs] - row matrix representing bias sensitivity to magnetic fields along the

throe axes 1, 0. S

H - [HI H0  H5]T - magnetic field vector along the three axes 1. 0. S

e_•,S - misalignment drift coefficients. s. Table 3.2.1a, Row 4

Orw - random walk drift.

raw data, the remaining noise is integrated up and the error angle c is divided by the elapsed time:
Or*t */t. (3.5.23)

Since according to theory the time dependence of the standard deviation o(c) of the error angle is

L(C) (3.5.24)

* -. the standard deviation of the random walk drift Is

v "/i(. (3.5.25)

The assumption made in L3.53] for Dre is:

iOrw- . e/VT (3.5.26)

with Re. random walk parmater.

a-
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Drw may be affected by the dither motion bias cmpensation (s. Section 3.5.3.2) because this motion
causes sinusoidal disturbance torques about the input axis of the sensor and consequently during the test
a corresponding motion of the table-mounted RLG case, if the compliance of the table differs from zero.
For infinite compliance. i.e. no table restraint about its drive axis when the table servo electronics
cannot follow the high frequency motion any longer, the table motion is governed by:

4-T J,*T 1 (3.6.27)

flyT

where

OT - amplitude of table motion

=0 - mplitude of dither motion

J . moment of inertia of RLS dithering Zerodur block

JT . moment of inertia of test table.

This test table motion will not be constant for each dither period and consequently will contribute to
the random error. It is called "spillover" in [3.53J and [3.54). These refereneesinclude an analysis and
test experiences of this effect.

The sampling time should be synchronized with the period of the lock-in bias compensation because any
deviation may also contribute to an error in Or' (s. [3.531).

3.5.5 Sumary of Some Hardware Exmples

The main data on RLG's available today are listed in Table 3.5.1.

No. Manufycturer Units Honr 1I Rockwell Litton Littor Sperry Sperry Raytheo
Type GG-1 42 - LG-2717 LG-2728 sLIC-7(3axes) SLB-iS RI-25

I PeriReter cm 32 43 11 28 20 40 2S
2 Weight kg 1.9 3.63 1.5 1.5 2.3 7.2

3 Size c1 15.7x14.7xS5.3 22.9x22.90x.6 14xllx6.5 14xl7.7x5 1O.2diaxll.4 10.2x2O.3x27.9-

4 Material CERVIT CERVIT ZEROUR ZERCOUR CERVIT CERVIT CERVIT

S Lock-in technique - .ach.dither mech.dither mach.dither .ech.dither magn.airror iagn.mirror Faraday
call
4 •mdes

6 NuEmber of irror - 3 3 4 4 3x3 3 4

7 Number of anodes/ - 2/1 1/2 2/1 2/1 2/1 each axis 2/1
cathodes

8 Power requirments - 28Vdc/1.lA 28Vdc/0.6A 3 Matt 3 eatt 0.03 Watt 0.6 Watt
9 Maximum input dog/% 800 600 400 1500 750

rate

10 Bias stability deg/h 0.007 0.01 0.02 0.005 0.2 0.02 O.O0S(I - 10 hr)

11 Bias stability deg/h 0.01 0.02 0.04 0.01 0.5 0.05
(day to day)

12 Random walk deg/" 0.003 0.006 0.015 0.003 0.05 0.006 0.001

13 Scale factor (s) arcsec/pulse 2.0 1.57 3.0 1.8 3.2 1.6 1.5

14 S-li nerity ppe 5 10 S 3 200 100 S
15 S-stability ppe S S 5 200 100 -

16 Bias timp. dog/h/°C 0.002 0.02 - 0.008 0.002 0.0004
sensitivity

Table 3.5.1 Data for Some Ring Laser Gyros

II
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3.6 Accelerometers

In another volume of this AGARDograph [3.55] the application of accelerometers to flight-testing has
been treated. For a better understnding of the following chapters the basic principles of accelermeter
measurements are briefly summarized in this section.

3.6.1 Principle of Operation of an Accelerometer

In Chapter 2 the basic ideas of inertial measurements have been described. From Eq. (2.3) it could be
seen that the "specific force" f to balance the proof mass in an accelerometer

f-a - G

d2 _R

_ ` tdli (3.6.1)

is equal to the sum a of all forces accelerating the proof mass minus gravitation G. The accelerometer out-
put signal is proportional to f.

The basic principle of construction of an accelerometer is explained in Fig. 2.3. A proof mass is suspend-
ed in a case and confined to a zero posItion with the help of a spring or a&-R aance loop as described
below. In general, damping is added to give the spring/mass system a proper dynamic transfer function.
Aircraft accelerations act upon the accelerometer case and cause the mass to react with a displacement with
respect to tie zero position so that the resulting spring force compensates the acting acceleration. The
displacement of the mass with respect to the case is then proportional to f.

High-quality accelerometers can be regarded as having a second-order transfer function. The bandwidthi s in general much higher than the acceleration frequencies to be measured (s. Table 3.6.1), so that the
output signal fK is practically identical to the input specific force f plus the accelerometer errors:

fI - (1 + *)(f + B) (3.6.2)

where (s. Table 3.6.1)

K - scale factor error, corresponding to that of the single-degree-of-freedom gyro discussed in -ection3.2.2.6 and

8 - accelerometer error, consisting, for ins nce• of the bias, the misalignment of the input axis and

the cross coupling tern discussed below L3.56j.

Given the specific force f acting upon an aircraft, travelling in the earth's gravitational field G(R),
the aircraft inertial acceleration

d 2 R

can be computed using Eq. (3.6.1). This again can be transformed into a navigation coordinate system to
obtain the acceleration with respect to ground:

f by use of Equation (7.2.4b). From this acceleration the velocity and position of the aircraft can be compu-
ted by integration, if initial values of velocity- and position are known. How this is carried out in the
computer of an inertial navigation system is discussed in Chapter 7. It is obvious frrm these considera-
tions that the angular orientation of the accelerometer input axes with respect to the navigation coordi-
nate system must also be known accurately.

3.6.2 Restrained Pendulum Accelerometer

The type of accelerometer that is presently used in most operational inertial navigation systems is therestrained pendulum- accelerometer. la,. 3.6,1 shows the principle of construction of such a device. A pen-
dulous mass is suspended and restrai a zero position by a control loop from the pickoff to the tor-
quer, similar to a gyro (s. Fig. 4.2.1a). Optical.capacitive or inductive pickoffs detect a deflection of
the pendulum and torquers force it back to its zero position. The torquer current i that is necessary to
compensate an acceleration and to bring the pendulum back to its null position is then a measure of the
specific force f.

Fig. 3.6.2 shows as an example the exploded view of the Sundstrand Q-FLEX Accelerometer in which the
principles of construction of Fig. 3.6.1 are implemented. Flexure and prodf mass are formed from a single
blank of specially processed quartz. A slot is cut In the blank in such a manner as to form an annular
section and central disc connected by a narrow bridge. The central disc serves as part of the proof mass,
the bridge as a flexure, and the annular section as the flexure support. The bridge section is chemically

mleinorder to form the flexure. A portion of the central disc is made conductive by vacuum vapor-
depositing metallic films to provide electrical surfaces, as required for the capacitance pickoff. Condu- t -
ing leads for the pickoff signals and the torquer coil drive current are formed across the flexure by simi-
larly vocuum-vapor-depositing metallic films. Finally, attaching th toruer coils onto th central disc

completes the proof mass, flexure. and flexure support sub-assembly. This sub-assely is then clamped be-
tween the magnet structure. Tv L magnet structures hold the magnets in proper position and keep the proof

Ilk,

' .. • . ~ . I [ -. : . . •.
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No. Manufacturer Litef Sundstrand Systron Donner
Model No. B250 Q-FLEX 4852

QA-1400

1 Weight [g) 85 80 s65

2 Diameter [w] 26 26 25
(Witdth)

Length W 21 25 45

4 Natural Frequency [Hz] < 800

5 Damping Ratio 0.4-0.7 0.5 to 1.6

6 Bandwidth (Hz4 300 300(+S%) > 300

7 mximum Input 10 30 up to 400
Acceleration [g]

8 Scale Factor 4.0 mA/g 1.3 mA/g 1.0 nA/g
(adjustable)

Scale Factor Error

9 Linearity <3,10"5g (for <4g) 20 pg/g 2  20 ug/g 2

10 Stability 500 p/yr

11 Threshold 10 6 g 10-6 g 10 46g

12 Bias (untrimmed) <5.10 3 9 5.10. g <4.10 3 9

13 Day-to-Day Repetability 6.10"5 g 6-10,5 (benign) 3.10"g

10"3 g (dll
environments)

14 Transverse Sensitivity [91g] 1.5"10" 2-10"3 7.10-3
(Misal igment) (untrimmed)

Temperature Sensitivity

15 Bias Ibug/K 30 Pg/K < lOug/K

16 Scale Factor 20Mg/K < 180 ppm/K < 180ppmj/K

17 Vibration2Rectifica- 5.10S (sine) 2.0.10"5
tion [gig]

18 Operating Temperature 0 C I 70_+5 -55 to 107 -55

19 Vibration 19] RMS 15 15 (20 to 2000 Hz)

20 Shock (g] SO(llms) 250 (Sms) 1500 (0.5 0s)

21 Design Feature Taut Quartz Quartz Flexure Floated 'Pondulum
Fibre with Pivot/Jewel

Bearings

Table 3.6.1 Data for Some Accelerometers

"" it 11
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The balanced capacitance bridge pickoff is formed by the small gaps between the metallized portion of
the quartz proof mass and the ftxed reference plates in the magnet structure.

The small, precise gas-filled gap between the magnot housings and the proof mass assembly also provides
a fairly high damping. Compared to fluid-filled sensors this accelerometer has a small phase shift.

In the Litef 3250 accelerometer the pendulum consists of a U-shaped wire suspended on each side of the i
U by a strained and metallic coated quartz fibre. A magnetic field and the current running through the
pendulw. generate the forces required to null the output of the optical pickoff.

In the Systron Donner 4310 accelerometer the pendulum Is floated and supported by pivot/Joewl bearings.

The pendulum rotary axis is called the output axis. The input axis is orthogonal to the outeut axis and
to the pendulum in its zero position. With pendulum acceleromtors a so-called cross-coupling error or
"vibrapendulous rectification exists, which is similar to the one discussed for the mechanical gyros (s.
Table 3.1.2b. Row 4). Correlated accelerations in the input axis end pendulum axis cause this error, which
is affected by the stiffness of the servo loop. Pendulous accelerometers also exhibit anisoinertia torques.
Just as mechanical gyros do, but produce no error frm this source if the effective center of ass is
properly defined.

ACCELERATION
FORCE NoSPAmOOF MASSSEV

CASE

Fig. 3.6.1 The Eystone-Wilson Pendulum Accelerometer in Principle

1jLT Ap n .t1Vn COIL•nw ~ ~ A ISOM J i M~i

"F 103FL I

Fig. 3.6.2 The Sundstrand Q-FLUX Pendulum Acelerometer. Exploded View

*...., ."2a
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4. ACCURAIT DIGITAL READOUIT OF INERTIAL SENSOR

4.1 Introduction

In modern flight tast systems data handling, storage and evaluation is mostly dons in a digital formst.
Wi th gyros and accelerometetrs used for this purpose. the output signal is generally an analog signal.
Methods of digitizing these signals for the two applications given above will ba discussed In this chapter.

If the sensors's output is used for the comutation of Its time integral. as for eample in in inertial
nai insso the digitizin method should be thoroughly selected so that the stochastic as well as

the terinitic errors of the Intertor'sa outlt as caused by the analo to digital conversion are
smaller than the sensor's drf.Dferent dgitzng methd are dscussedwt epc oteracrc

Signals can ha digitized otm stored only at samled intervals nTs (T'ms~ ln ieIcaat n
not continuousl like analog signals. This poses problems if their evaluaton refers to the continuous time
history as in goanalysis of their frequency contents or In the computation of their time integral.

Certain well known rules for samling signals hae" to ha observed for both aplications. They are sumse-
rized briefly in this chapter.

The following considerations only apply partially to the laser gyro whose output is a frequency propor-
tional to the angular rate to ha measured. The specifics for this sensor will ha mentioned separately.

4.2 Methods for Di2itizi!N the Measurements of Inertial Sensors

4.2.1 The Inertial Sensor and the Rebalance Loop

Mechanical gyros and accelerometers and their use as accurate sensors for angular rate and linear accele-
ration are described in Chapter 3. Fig. 4.2.1a shows the comined block diagram of the sensor plus rebalan-
ce loop. which we used in Chapter 3-&-ifmral discussion. The flight test engineer who is looking
more deeply into the sensor's readout has to subdivide the two blocks. as show in Fig. 4.2.1b for the
single-degree-of-freedom (SOF) gyro.

This sensor is used as an eample in the discussion below. For two-degree-of-freedom (TOE) gyros or ac-
Celertoetrs with force feedback, a similar analysis can be given.

The gro angular rate (input) OT in Fig. 4.2.!b creates a positive torque 1%about the output axis (s.
Fig. 3.2.2) causing a ositive picloff 0a.ge* ~hich is sensed by an inductivi. capacitive or optical
signal generator. In bokF5g(s) (dindulto and filIter) this i: converted into a voltage uc as input
into the control network Fr~) h utu otg of this network drives a current I which is conve
in the trquer to a torque cmestnthtoqecaused by "i input signal and the disturbancesrt
(it - -%0 - -H~l-DJ h diagram aiso indicates some of t?,e error sources - the pickoff offset angleI

690 th cotro amli eroffset volta~'e 6V~ and the offset current 81 - which mAY cause an input axi
misalignment or bias of the sensor.

Th tP through thetoqescl a
to 1tru tfor compensating the i~ tsignal is related to the curetoqurcaef-

ra r the command rate scale factor (t StI - HST 1). It is a true signa of the input angular
rae including the drift rate 0. provide the loop gain is high F(s) . .In this case the torquer

Iw. (WI - D) N,(w - 0). (4.2.1a)

X The prresponding voltage u taken over the precision resistor R is converted into an output angular rate
-S usng henominal scale factor S derived from the nominal values of the torquer scale factor

St" of the angular momentuW n of the precision resistor RN which are in error as compared to the actual
parameters:

.1-KS' -STMRi *(I + oc) (*I - D) (4.2.1b)

j with

~ 5 tK 5Ta S(..ab
Sx and as(..ab

This indicates the dominant role which the accuracy of the Umr scale factor ~Khas upon the accuracy
of the input signal's measurement. Cnments on it are presented in Section 3.2.2.6.

4.2.2 Analog-to-Digital Conversion (ADC) .

For median accuracy requirements a commercial anliodgtlcon! (ADC) (for instance ADC-160
with 16 bits. 15 bits resolution wAn1 bit for sig~o th anuatrer Aaog Devices) may ha used for
digitizing this signal. The corresponding block diagram including the subsquet saml ing and scaling by
S', which ccprises the gyro scale factor S" and the ADC scale factor ',/v. is shown in Fig. 4.2.1b. The out-
put signal of is a whole numer presetation of the input signal 01 but contains ADC errors (for ADC-IGQ
in the order of 20 prnonlinearity. 8 ppm/OC and 3 ppm/day), sensworerror and noise due to the limited
resolution. The reo ton is limited to the least significant bit (LS8)j due to roundoff, Information of
LSB/Z may get lost. The peak value of this quantization erorf (uncorrelated noise) Is

+_O(r / (4.2.3)
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so

forw b* 100 0/s and n 16 bit% such as wiith the AK 144. At ml *WI UUQ t~Waro I g OW Is

4.3Voltame-to-Fraquency Conversion (VFC)

Flout~~~~foru futhson~utoni. 4.2.1 indicates the digitizing~ot the output voltg I ai uedTor instantce Nodal 48wt P-100 k~lz Wu1 sae o uowWnmq
The vol tags u is integrated. Each tin the output voltage of tha ea W iee sh ma a o"Im ON ft

an electric Charge Increment 6Q of accurately knewm ame Is reloseoe e ionbWe Wampellor's me O
A voltage pulse Vl serves as output. In this digitizing PrON ess mnamitIem to to e weerw WIs to e
because the output pulse isfed ack to the integrator. Only Wms with this kind of pain ftefeit well We
discussed.

one single WC can handle only positive or negative alipals mifta It to blood with a wsl m
the maximum positive or nea~tive input signals. Of course two WC's ton he mWa fer so I' Cbswle'
of different sign. The weight of the output pulses AP is OWefid IV goO~ 0 U VW Ofas
VFC at the maximum input voltage um whi ch again is relate to A m W INO IWWA itW as
nominal gyro scale factor SV of Eq. (4.2.tb):

AP -um/fP or AOP -S' A? - w/fP -3.6 art sec. (4-.4111A)
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With the pulse frequency modulation each current pulse releases a voltage pulse AP for the subsequent
up down counter whose pulse weight is defined by

OPnwm/fP. (4.2.10)

The resolution of the pulse frequency modulation is thus limited to 100 times the values mentioned for
the VFC digitizitig method in Eqs. (4.2.4) and (4.2.7).

With pulse width modulation the width of each pulse is measured with readout counting pulses of much
higher frequency

fr = 1/Tr = 256/TP - 256 (4.2.11)

(the figure is taken from [4.1]), thus improving the resolution of one pulse to

ýp = m r. /f (4.2.12)

With the figure quoted above the resolution is 0.4 times the values mentioned for the VFC digitizing
method in Eqs. (4.2.4) and (4.2.7).

The oulse evaluation is the same as mentioned in Eqs. (4.2.5) and (4.2.6) for the VFC digitizing method.
Since "binary pulse width modulation (BPW•4)" is nowadays the preferred method of pulse torquing, its
block diagram and its functioning are briefly described based on Fig. 4.2.4 which is taken from [4.1].

The quantizer in this figure contains 3 function blocks:

- the generator for the pulse width signal including the digital modulation limiter,

- the synchronization block with switching bridge of high stability and

- the current control loop with reference voltage of high stability.

The sawtooth voltage ust, added to the input voltage u ,generates in the comparator the rebalance pulse
cycle TP. It is derived from a quartz-controlled frequency generator. The output of the comparator is posi-
tive or negative during each cycle depending upon the sign of the sum u + uOr. The electronics have to
inhibit the switching from positive to negative within a minimum time. i.e. within the rise-time of the
current (e.g. 0.1 Tp) as mentioned above, and have to enable the switching at integer fractions of TP.
These functions 3re observed by the digital modulation limiter and the synchronization block.

Compared to the analog rebalance techniques and external digitizing process, BPWM pulse torquing
has the following advantages:

- the dissipated rebalance energy within the sensor is constant,

- it works only at two points of the torque-current characteristic of the torquer, and

- th' sensor's output signal is not subject to additiona* error sources (ADC of VFC erro;-s).

Noilinearities may arise in BPWM-rebalanced sensors from eddy currents varying with the input signal.
These effects are minimized by observing certain rules in the design of the torquer [4.1].

Fig. 4.2.5 shows two test results for the stability of an accelerometer (Litef B 250) and an SDF gyro
(Fe~ririanti6519) plus BPWIM rebalance electronics designed at IFYLR.

The accelerometer readings were taken in-1976 during a period when earthquakes in China may have caused
movements in the foundation of the Jaboratory. The digital accelerometer readout, compensated for these move-
ments, has a mean slope of - 3 . 10-0 g/day.

The gyro maeasurements were taken with the axes in the optimal orientation (output axis up, s. Table
3.2.1a, Row 2). The readings prove that the stability of the sensor in this position plus rebalance loop
is better than 0.001 0 /h.

The pulse rebalance method may be used not only with inertial sensors but with all sensors with compen-
sation readout (e.g. flow and pressure sensors).

4.3 Stochastic Errors of the Digitizing Methods for Mechanical Inertial Sensors and Comparison with theStochastic Errors of Laser Gyros

The quality of the output sienal of an Analog-to-Digital Converter (ADC) on the one hand and of a Vol-
tage-to-Frequency Converter (VFC) and a Pulse Rebalance Loop (PRL) on the other hand is quite different
as we hiave seen in Sections 4.2.2 to 4.2.4

- at sampling intervals Ts the ADC delivers a whole number presentation of the input signal (angular
rate or acceleration, s. Fig. 4.2.1), and

- the VFC or the PRL delivers a pulse train (angle or velocity increments) which, In connection with
a counter, is read out and reset at sampling intervals TS; these may be interpreted as the integral
of the input signal or as mean input signal during Ts (s. Figs. 4.2.2 and 4.2.3 and Eqs. (4.2.5) and
(4.2.6)).

For this reason the quantization noise superposed on the useful signal is also of different quality, and
has different effects on a control or navigation system when the time integral is of prime interest.

V4 N lIIII•. ... ..
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Fig. 4.2.1 reveals for the ADC that the quantization noise is not fed back in a control loop and causes
an uncorrelated noise in the output signal wx. If this signal is I-ntegrated for computing an angle, as for
instance in a strapdown system, this noise causes an error, namely a random walk process with a standard

deviation growing with A. even if we aý..mne that the sensor measures the input signal correctly.

If we look, with the same assumption, at the VFC and PRL digitizing methods in Figs. 4.2.2 and 4.2.3
we see that the noise due to the quantization process is fed back in a control loop. There is noise super-
posed on the output signal, but if the corresponding aijular increments (s. Eq. (4.2.5)) are summed up for
the computation of the time integral of the output signal it will not contain a random walk error due tothis quantization process, but only the original uncorrelated noise.

The above mentioned assumption of an ideal sensor is certainly academic. Errors and random noise are
contained in all measuring processes as we have seen in Chapter 3. This section will only give an in-
dication that with the use of an ADC for digitizing gyro measurements in the laboratory the parameters of
maximum input rate, resolution of the ADC and required accuracy of the measurement should be matched pro-
perly. This goal can hardly be achieved in an INS, precluding its use for this purpose.

We have seen in Section 3.5 that the output signal of a ring laser gyro (RLG), rotating with respect
to inertial space above the lock-in rate,is a pulse train, each pulse having the dimension of an angle in-
crement in the order of magnitude of several arc seconds. In this respect the RLG is comparable to a mecha-
nical gyro whose output signal is digitized by a voltage to frequency converter (VFC) or which has a pulse
rebalance loop (PRL) as discussed in the przvious sections.

For circumventing the lock-in effect in the RLG, certain bias techniques have to be provided (mechani-
cal dither, Faraday cell, magnetic mirror) which are of periodic nature, i.e. lead the RLG periodically
through the lock-in region. This causes stochastic errors per bias period which are not fed back into the
sensor. The RL3 theoretically is comparable in this respect with the mechanical gyrowTth ADC digitizing
method in which the quantization error was not fed back either. The resulting error in the subsequent
counter is the "random walk" drift discussed above.

It was also shown that the ideal mechanical gyro with VFC or PRL digitizing methods does not produce
this random walk error due to quantization aid compares advantageously with respect to the RLG. But in ge-
neral this advantage is only of academic valLe because it is overshadowed by other, more severe random
errors of the mechanical gyros (s. Tables 3.2.1 and 3.2.2).

We have seen in Sections 4.2.2 to 4.2.4 that the quantization noise of the digitized output signal of
mechanical sensors depends for all digitizing methods on the maximum ilput rate ým for which the method is
designed. The method of "range switching' is a means to adapt the quantization noise to the dynamic environ-
ment to which the sensor is exposed. With this method the rebalanced sensor is designed for a low ,m with
low quantization noise. Most of the time the sensor will work in this mode. Only when this low wm is ex-
ceeded, is the sensor plus readout switched automatically to a higher ,m by changing the measurement re-
sistor R in the ADC or VFC or the current level in the PRL digitizing methods.

Range switching opens new possibilities in the accurate readout of inertial sensors but also poses new
problems. We will not further discuss it here.

4.4 Review of Rules for Sampling Data

The measurements of inertia't sensors can be t ken and stored digitally at sampled intervals nTs (Ts -sampling time increment) only, using one of the methoQs described in the previous sections.

If analog-to-digital conversion (ADC, s. Section 4.2.2) is used and in the process of evaluating
the sampled data the continuous time history of the original signal is of significance, as in the analysis
of its frequency contents or in the computation of its time integral, certain well known rules have to be
observed for the preparation of the signal prior to sampling in order to keep errors in the low frequency
domain due to the sampling process to a minimum. They shall be briefly summarized in this section follow-
ing the course of [4.2].

Voltage to frequency conversion (VFC, s. Section 4.2.3) and the pulse rebalance loop (PRL, s. Sec-
tion 4.2.4) provide within the described limits an exact information of the increment integral of the mea-
surement or the mean value (s. Eq. (4.2.5) and (4.2.6)) and the preparation of the signal prior to sampling
is not necessary.

In all cases the data evaluation is limited in its frequency bandwidth by the sampling process.

Due to the sampling theorem, the maximum frequency fm contained in the signal x(t) to be sampled may
only be half the sampling frequency

f' <-- 1/(2TS). (4.4.1)

Only in that case the original signal x(t) can be recovered from the sampled signal x(nTs) using the
formula (s. [4.2], Eq. (3.5.15)).

X(t) - 1 x(nTs) sin i(tTS-n) (4.4.2) ,n - -(t/T S-n),

Sicentn the evlaino hsfruan is impracticable, it is proposed in [4.31. to hold the samled signalS~constant over the sampling time and pass this through a low-pass filter with a band-pass cutoff frequency

of half the sampling frequency.t
S~Whether the signal to be sampled (at intervals Ts, for data evaluation or storage) complies with the

! IIL
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sampling theorem mly best be tested by using an analh.. frevuncy analyser. If it contains frequencies
higher than 1/(2 TI) the sampling frequency has to be increased or f 4lters have to be implemented. Prefer-
ably, these filters should be placed on the analog s~de (e.g. shock mounts or lag networks), i.e. before

A the signal is digitized, becaule any analog-to-digital conversion alreedy contains some kind of sampling
at frequencies higher than I/T4. The analog filter tailored to I/Ts includes the sampling-theorem observa-
tion for the digitizing process.

Shock mounts have a resonance frequency ir the order of magnitude of 10 to 2C Hz, depending on the weight
supported. The raise in amplitude is approximately 4 at the resonance frequency.and the transmissibility
is below 5 % for frequencies above 35 Hz.

For the analog presampling filtering,so-called Butterworth filters [4.3], [4.41 are often used, because
their transfer function is not only maximally flat for frequencies below the break frequency but also de-
creases rapidly for higher frequencies.

Oitce the sampling theore (4.4.1) has been violated the frequency spectrum of the sampled signal is con-
taminated by the so-called "aliasing error' [4.2 and 4.31. If a sine wave is sampled at integer fractions
of the period, for instance, the altasing error may have a constant valuel It is impossible to deduct the
aliasing error from the sampled data.

The aliasing error not only occurs if the input signal into the sampling device is not properly filtered
for meeting the sampling theorembut may also arise if the flight test data are evaluated at a frequency
lower than recorded. If the presampling filtering was not sufficient for this data evaluation with sampling
intervals *Ts (m>>I), the digital data have to be filtered again. In this procedure the additional filtering
has to be done i,% a digital computer, for which the following results from [4.5] may be used: the analog func-
tion

F(s) - fl. (4.4.3)
(1+Tas)(l+Tbs)

is very well approximated digitally by the following algorithm:

x(n) TaTb((Ta) [y(n) + 4y(n-1) + y(n-2)]ST+3(T+Tb)Ta+( +[12TaTb - 4(T") 2 ] x(n-1)

.( 6 TaTb - 3(Ta + Tb)Ta+(T )2] x(n-2)). (4.4.4)

For a more general review of digital filter design see 14.3]. The whole topic of signal conditioning
is discussed more in detail in L4.61 to [4.8j.
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5. GYRnS AS STABILIZATION DEVICES

5.1 Direct Gyroscopic Stabilization

Direct gyroscopic stabilization has stimulated the minds of the engineers in many fields such as stabi-
lization of monorails, motorcars, ships and most recently satellites. On ships. it has been used since the

late 19th century [5.1]. Huge rotors, weighting up to 100 tons or more were installed to damp out rolling

and pitching of a vessel. In the Polaris Submarine, for instance, a gyro is still used in this manner.

We will concentrate in this chapter on the direct stabilization of a vertical or heading reference which

will be discussed from the operational point of view in Chapter 6.

The gyro in a vertical and heading reference is a gimballe,' two-degree-of-freedom (TCF) gyro as shown in

principle in Fig. 3.1.1b. The gyro case is directly mounted to the vehicle and the gimbals have high angu-

lar freedom about the two axes. For measuring the gimbal angle synchros or resolvers arq generally used.
The angular freedom about one of the gimbal axes is usually limited (approximately + o0 r the inner axis

in Fig. 3.1.1b) to prevent the so-call ed "gimba lock m. i.e. to prevent the spin a-is from becoming
aligned with the outer gimbal axis. See also Chaptee 6 for more details on attitude references.

% In order to measure roll and pitch angles with a vertical gyro, the gyro in Fig. 3.1.1b is mounted in

the aircraft in such a way that the outer axis is parallel to the longitudi.al axis and the inner axis
parallel to the lateral axis as indicated in Fig. 5.1.1. The aircraft can tnen carry out unlimited roll

manoeuvres but the pitch angle should not reach _+fUdgrees.

qFordescribing the perfod mnce of a gyro used in this ranner as an attitude or heading reference we use

the angular rate vector 6 of the gimbal angles (0 correiponds to the pickoff angle in Section 3.4) as being

compjsed of the attitude'or heading angular rate vector f of the aircraft (roll, pitch and yaw angular

rt) pl us the misalignment angular rate vector t of thf-gyro's spin vector with respect to the vcrtical
or true north. 

ycrSynchro S i r

Fig. 5.1.1 Principle of the Vertical Gyro

So we obtain from Eq. (3.4.6):

+q u sHr (s5 .1..)

with the transfer function of the undamped gimballed 1 gyro from Eq. 13.4.5):

2)
wt S tH u

Vs) m is 05- .
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The input angular rate vector of the gyro case is composed of the angular rate j of the aircraft
with respect to the reference -nd-that of the reference with respect to inertial space (.in).

With this assumption Eq. (5.1.2) becomes:!•,'I •" •tn sH (s (wt + D).

For l p (5.1.4)

For low input frequencies (s *0) we may neglect the inertia term in the gyro transfer function, when we
obtain:

+.. + (51.6)

This relationshjp shows that the untorqued gyro (.t . 0) drifts away from the reference direction at
the angular rate .wn of the reference direction with respect to inertial s ace plus the drift rate D of the
sensor. On a moving vehicle the former is equal to the sum of earth rate plus transport rote (s. Eq-.
2.19 ff,)) i.e. of the order of magnitude of 15 

0
/h + V/R (V a velocity of the vehicle, R - radius of the

earth).

The error angle is held within certain limits if control loops from sensors which measure the misalign-
ment c are implemented to the gyro torquers. Following the discussion of the caging loop of a TDF gyro in
Chapt7r 3.4.4 we write (s. Eq. (3.4.20)):

H -_ Mt . (s) (c+ LO (5.1.7)

where 6c is the sensor error. In the case of a vertical gyro the c-sensors for the two axes are, for example,
bubble-Teveis or accelerometers and 6E is the error due to sensor bias or horizontal acceleration. The
cross axis component of the control loop is used to compensate the input angular rate and, assuming its
gain to be

we obtain from Eqs. (5.1.4) and (5.1.7):

[9- (i(s)_ + V()j' G's)- )in+Hj E(s) S.] (5.1.9,,)

1 H (n -

TH/1K+1 R

As compared to the caging loop of a TDF gyro the gain K o' the control loop or the inverse of the sen-
sor's time constant are much smaller

H
T I - 1 win (5.1.10)

because the stabilization gyro serve; as a mechanical low-pass filter, similar to an inert mass but with
the advantage of

- much lower weight. and
- reacting to comeand torques with an angular rate and not with an angular acceleration.

For the low input frequencies the performance of the gyro, in holding the rr, erence direction, is limited
by:

in

i.e. it is limited by the sensor errors, the drift and the non-compensated earth rate plus transport rate.

The non-compensated earth rate causes a constant error angle of

, 15 arc min (5.1.12)

if T - 1 min. From this point of view a lower time constant, i.e. a higher gain of the control loop is

desi*able. but this would decrease the low pass filter effectiveness of the gyro and make it more sensitive
to accelerations.

For 1 khe high-frequency response of the gyro we may essauw that the control loon is open (F(s) - 0) and
i that w - 0. when Eq. (i.I.9g) reduces to

,_ -r s) i _0 = .] ~ (5.1.13)

For a step function in the disturbance torque about the I-uts the gyro will respond with the undaped
notation and the precession as shown in Fig. 3.4.2.

Nutation may be annoying in the undamped stabilizing TDF gyro especially shortly after power switch-on
and switch-off when the spin rate is not yet high enough and the nutation frequency

-- - ! J I J | --. I I |
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(s.(Eq. 3.4.8) with n *spin rate, I =moment of inertia of rotor, about spin axis, JI *moments of inar-
tia of rotor plus gimbal about transverse 1, 0-axis) is low so that the amplitude of the oscillation may
be correspondingly high (s. Eq. (3.4.10)). To prevent nutatlon during turn-on and turn-off, special brakes
may be installed in the gyro. For in-flight operation, electrical damping for the nutation freluency isSnot festble because it would degrade the actual task of the gyro - the storage of reference direction.
According to [5.2] "inertial dampers" (simple sprtng-mass-dashpot combinatinn attached to the gimbal) are
the only means to suppress this oscuflation if required.

Eq. (5.1.14) also shows us that the gimbals of the stabilizing gyro should not be too heavy because
they would lower the nutation frequency. Because of this one also will hardly find a platform with di-
rect gyroscopic stabilization. The attitude and heading rference system (AIRS) model SYP 820 discussed in
Section 6.3 and show in Fig. 6.3.3 may serve as an example. The VG in this system has direct stabilization
but is decoupled from the platform. The platform follows the VG in the low frequency range by means of a
servo loop between the VG pickoffs and the platform torquers, thus preventing the lowering of the nutation
frequency into an undesirable range.

In a gyro with direct stabilization the incertainty torques, end consequently the drifts due to mass un-
balance of the rotor and gimbal set and due to friction in the gimbal bearingsincrease with their weight.
This is another reason why only separate VG's and 0G's have direct stabili;zation. For lowering the effect
of friction the gimbal bearings are designed as "rotorace"-bearings. i.e. as ball bearings in which the
outer ring is rotated in an alternating sense. In the nexL. sections we will discuss the servo loop stabi-
lization which is superior to direct stabilization in many respects.

5.2 Gyroscopic Stabilization by Means of Servo-Loops

Gyroscopic stabilization of a platform by means of servo loops from the gyro pickoffs to the gimoal
servo motors is always applied when

- high stabilization accuracies are required, or
- large mosses have to be stabilized.

Combined vertical and directional gyroscopic packages (VG/DG packages) and platforms of inertial navi-
gation systems are stabilized in this way. Since the layout of stabilization loops and the dynywics of the
closed loop system differ for single-degree-of freedom (SDF) or two-degree-of-freedom (TOF) gyros, we willdiscuss them separately.

5.2.1 Servo-Loop Stabilization of a Platform Using Single-Degree-of-Freedom Gyros

Fg. 5.2.1 shows the principle of the platform using SOF gyros. The sensor is mounted on this single
axiTs platoii, with its input axis parallel to the axis to be stabilized. The output axis of the gyro is
orthogonal to it. The control loop is implemented from the gyro pickoff (P0) to the servo motor (S14) of the
platform via the network F(s).

Output Axis
GID Pickoff Axis

I/

F 2i i nput Axinle
Stabilizedl Axis

SFig. 5.2.1 Platform Stabilizationl by Pmns of a Single-Degrea-of-F. Gyro
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Comparing the upen-loop SOF gyro/platform assembly in this figure with the gimballed two-degree-of-free-
dom-gyro in Fig. 3.1.1b, we immediately see the c,-%onality and we are allowed to use the performance eua-

tion (3.4.2) for discussing the dynamics of the stabilized single axis platform (SAP). In Eq. (3.4.2) we
recognize in the lower row all the terms of. the rate integrating gyro (RIG) performance equation (3.3.il);

the other terms describe the dynamics of the platform about the input axis and the reaction torque Hpoo of i
the S0F gyro in this axis. Before using Eq. (3.4.2) we will introduce a ?ew assumptions and minor changes

S~in the notation.

In case of the TOF gyro,6 was the rate of the pickoff angle with r9spact to the case and wi the angular

rate of the gyro case with r'espect to inertial space. With the SAP, w• is the motion of the Base with re-

spect to inertial space,which only affects the SAP dynamics through The friction in the gimbal bearings if

the motiqn about the O-axis is assumed to be zero. The friction torque can be included in the disturbance

torque my /H which also contains unbalance torques and other effects acting on the platform about the I-axis

and rplaces the drift Do in Eq. (3.4.2). This allows us to discard the wl-term in this component and re-respectt tnhrt 
i

gard I as the motion OP of the platform with respect to inertial space.

It is obvious that we have to introduce in Eq. (3.4.2) the moment of inertia J? of the platform plus

gyro about the I-axis and also the viscous torque coefficient CP of the gimbal bearings.

The servo loop is taken into account by means of the relationship in the Laplace domain (marked with ):

) ; is - F(s) 600 (5.2.1)0 1

So we find as performance equation of the single axis platform stabilized by a single-degree-of-freedom

j,(JPs +CP) s +F(s) Q (~ip, id /H
1 I-I

(Jo s + C)s 0o + 01) . (5.2.2)

* The open loop SAP (F(s) - 0) with zero damping (Cp - C • 0) will react to a step function in the input

command ratt in the same way as the TOF gyro shown in Fig. 3.4.2, i.e. with a precession and superimposed

nutation. The natural frequency and the damping ratio for the damend nutation oscillation of the SAP

n H I

1 0 1 0

C JP + Cp J
(5.2.3a,b)

2H JP Jo

differ from the ones for the TOF gyro in Eqs. (3.4.8a,b) only in the inertia term JP and the viscous damp-

ing coefficients CP of the gimbal bearings. Assuming JP SO 5Jo the nutation frequency of the SAP will be

lowered by the factor 1/7 as compared to a TOF gyro for which we assume the same moments of inertia and

spin rate as the SDF gyro mounted on the SAP. For a rate integrating gyro with C ) CP the damping ratio

will be increased by the factor 7. The damping ratio will be very small for a double integrating gyro prov-

ing that the layout of the corresponding servo loop requires more attention as with the rate integrating

gyro (s. [5.3j, Chapter 5.5). (We will see in the next section that the layout of the servo loop of a plat-

form stabilized by a TDF is fairly decoupled from the interior dynamics of the sensor.)

In the layout of the servo loop the closed loop compliance of the SAP

(J0 s + c) d C .d
•I *.~ (5.2.4)

!0 J I s3 + (CJP + CPJ 0 )s
2 + (H

2 
+ CPC)s + H F(s) s- o H F(o)

(with #I - fwl dy - input #ngle) or the inverse of the compliance, the "torque stiffness", plays the domi-

nant role and [5.3 and 5.4j discuss it more in detail.

For low frequencies the compliance tends to zero if an integrating network is implemented (F(o) -

I The cumpliance also tends to zero for high fron'aencies (s4 -) when the inertias of the platform and gyro

help to counteract the disturbance torque. But this is so only as a first approximation, since angular

vibrations of the platform may excite constant drift terms in the gyro corresponding to the ones listed

in Table 3.2.1b for strapdown gyros. They are nonlinear and could not be included in this analysis. They

confirm the statament Iven inl15.3], Chapter 3.7 that the amplitudes #I of the angular vibrations in high

quality platforms should be below a few seconds Gf arc over the whole frequency range.

The two relationships in Eq. (5.2.2) become decoupled
-n the low frequency range of the command rate w t and the drift DI acting on Mte gyro in inertial navi-

gation systems (in this case seO). or

- if the servo loop stiffness F(s) is assumed very high (in this case 6e.) according to Eq. (5.2.1)).

In both cases we obtain from Eqs. (5.2.1) and (5.2.2):
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w Ms d +~ ,ip Z ~Ip. (5.2.5a~b)

These are important relations from which we can deduce the following properties of the SW. ~
a) For the stabilization of platforms one can, in principle, use rate gyros as well as integrating gyros

or double integrating gyros (s. Eqs. (3.3.8 and 13) for o. 0). The former are disadvantageous% how-
ever, as their accuracy is limited (s. Section 3.3.2) and. in addition, errors in the pickoff cause a
platform drift.

b) A constant Lommand torque 140 H -..q about the gyro's output axis causes a constant angular rate of
the platform about the gyro's input axis (s. Eq. (5.2.5a)).
If for instance in Figure 5.2.1 we attach a small lead weight to one side of the gimbal, the plat-
form starts turning about its vertical axis with respect to the inertial frame, as it was also shown
in Figure 3.2.2 for the free gyro. The same is valid for applying a constant voltage to the torquer.

d
c) The drift-generating disturbance torques K6/Ii 01 D cause a drift of the platform about the input

d) Disturbance torques on the platform due to imperfect balancing or to friction torques in the platform
bearings when the vehicle is rotating are compensated in the servo motor, i.e. the platform is in-
sensitive to exterio, disturbances (s. Eq. (5.2.Sb)).

One will, of course, balance tUe platform as perfectly as possible and keep it free from friction in
order to be able to keep the servo motors small and to avoid unnecessary consumption of energy.

Summing up, it. car. be stated that the servo-loop stabilized platform is comparable with a fre* gyro
whose gimbals and gimbal bearings do not transmit any disturbing moments on to the rotor. In this respect
it is by far superior to the direct gyroscopic stabilization discussed in the previous section. It is also
superior from the viewpoint of dynamics, since the nutation frequency which is problematic with the direct
gyroscopic stabilization of a platform (s. Section 5.1) does not pose a problem with servo-loop stabil za-
tion. Damping is achieved by the sensor's viscosity (rate integrating gyro) and the layout of the servo-
loop.

The above mentioned properties hold in principle also for the servo-loop stabilization of a platform
about more than one axis by means of SDF gyros or two-degree-of-fretdom (TOF) gyros. This will be described
in the next sections.

5.2.2 Servo-Loop Stabil ization of a Platform Using Two-Degree-of-Freedom Gyros

Stabilizing a platform by mans of a two-degree-of-freedom gyro (TOF gyro) is. as a matter of principle,
considerably easier than by means of a single-degree-of-freedom gyro (SOF gyro).

Only one sensor is required for the stabilization of two axes,as shown in Fig. 5.2.2. The axes to be
stabilized and the pickoff axes are parallel to each other and not perpendi cuTiFr as was the case with
the SDF gyro in Fig. 5.2.1.

ITo

Fig. 5.2.2 Platform Stabilization by Mleans of a Two-Degree-of-Fredo Gyro
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Bases for the discussion of the dynamics of a platform stabilized in this manner are the performance
equations (3.4.6a and 14a) of the gimballed and floated TOP gyro, the free-rotor gyro (FRG) and the dyna-
mically tuned gyro (DTG). If s(s) is the true gyro transfer function including damped nutation for the
floated TOP gyro (s. Eq. (3.4.4)) and including the additional coupling drift rates of the FRG and OTG,
etc. (s, Eq. (3.4.12)) and 9"(s) includes only the undamped nutation (s. Eq. (3.4.5)). then:

5(s) I-- + Hj 0 + t)1. (5.2.6)S...s )

The moments acting on the platform are described by:

p •s + A, Q ( P s + )A (5.2.7)

where we have included in M all disturbance torques ictirj on the platform due to friction in the gimbal
bearings, unbalance of the-platform, etc.1 the torque Ms supplied by the servo motor in the closed servo-
loip is (s. Fig. 5.2.2)

5  -E(s)_ Fs 0  (5.2.8)

the moment of inertia tensor of the platform is

JP o
4p 0 iy 

(5.2.9)

and finally

,CP 0I/I

tO cI (5.2.10)

is the viscous damping tensor of the gimbal bearings.

We will carry out the following discussion making some simplifications. With proper design of the servo
loop the pickoff angle in Eq. (5.2.8) will be keot very low (<I arc sec), so that Eq. (5.2.6) reduces to
the perfomance equation of the platform stabilized by the floated TOP gyro. tIhe FRG and OTG:

sNHVS) j ~ + 0) + 0 5 ~
The approximation in Eq. (5.2.11b) is valid for low frequencies and a high gain network (F(O) 5 1)

when the ilatfor" follows the command rates wt applied to the gyros and the drift rates 0. TAe servo motor
torques M will then counteract the disturba~ice torques Nd applied to the platform (i. Eq. (5.2.7) for
_i - 0).-JThis corresponds to the single axis platform tSD)() discussed in Section 5.2.1,and all comments
given there apply also here.

The high frequency performance equation (5.2.lla) depends on the transfer function of the undamped TOP
gyro V'(s) (s. Eq. (3.4.5)) and not on the original transfer functions G(s) in Eqs. (3.4.4 aod 3.4.12),
which is surprising. If one could accept this result without scepticism it would indicate thai the plat-
form stabilized by the floated TOP gyro, the FRG or DTG would respond to a step function in u),for instance,
with the undamped nutation frequency of the TOF gyro as shown in Fig. 3.4.2. This is a result of our assump-
tion that the servo loop will not allow any relative motion between gyro float and case (6 - 0) so that
the viscous damping of the floated TOF gyro and the coupling drift terms in the FRG and 0T% remain zero.
This interpretation is certainly academic since the platform cannot follow the nutation frequency
of several 100 Hz. Once stimulated the gyro float will carry out the damped nutation frequency uncoupled
from the platform and i 0 0.

But Eq. (5.2.11a) is of practical use in the low frequency range as its independence from the FAG trans-
fer function G(s) in Eq. (3.4.12) indicates that the coupling drift of the FRG discussed in Eq. (3.4.11 to
17) including the detuning drift of the DTG discussed in Eq. (3.4.33 to 36) reain insignificant.

But let us again remember that we arrived at this result by assuming that for low frequencies (s * 0)
the servo-loop gain and consequently the torque stiffness of the platform are very high (F(s) * - or

/0/I .. , s. Eq. (5.2.4)). If this is not the case, any constant disturbance torque IN will cause a con-
stant pickoff angle and consequently a drift of the platform due to coupling and detuning.

The 'torque stiffness" (or its inverse, the compliance of the platform in the high frequency range)may be derived from Eqs. 2.6) to (5.2.10). We may assume for the moment wt , 0 - 0 and i(s) - §'(s) (s.
Eqs. (3.4.4), (3.4.12) d(3.4.5))when we obtain from Eq. (5.2.6):

1 -i .;, (5.2.12)

with 0 = angular displacement of the platform with respect to inertial space. Introducing this into Eqs.
(5.2.•) and (5.2.7) we arrive at the following compliance of the platform in the high frequency range sta-
bilized ýy TOP gyros:

_ _ _moi

'EEhm m .. . . . ...... . . _,_ _... ._ _2-- 2 '_ _.--,
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[iPs 2 + iPs + F(s)f 1 _d (5.2.13)

which for a constant transfer function F(s) of the servo-loop describes the oscillation of a spring-mass-
dashpot-system. It tends to zero for very high frequencies when the platform inertia counteracts the dis-
turbance torque. As distinguished from the compliance in Eq. (5.2.4) of the platform stabilized by a
single-degree-of-freedom gyro, the compliance of the platform stabilized by TUF gyros is independent of the
characteristics of the sensor.

The assumption that 0 - 0 in the high frequency range is not quite realistic, since we know from Table
3.2.2b that all TDF gyr6s are sensitive to angular vibrations in a similar way to SDF gyros. The DTG is espe-
cially sensitive to angular vibrations at twice the spin frequency (s. Section 3.4.5) and special filters
(e.g. comb filters) are implemented in the servo-loop to prevent these frequencies from venetratinq from
the gyro pickoff to the servo motor and causing a rectified drift of the gyro and platform. As already
mentioned in Section 3.4.5 mechanical cross-talk between the gyros cannot be prevented. Those effects are
nonlinear and could not be included in this analysis.

5.3 Three-Gimbal Platforms (TGP)

For a platform to stay "base-motion isolated", i.e. decoIpled from the angular motion of a ye-
hicle about all three axes, it must be mounted in a set of at least three gimbals as shown in Fig. 5.3.1
and must be equipped with three single-degree-of-freedom (SDF) or two two-degree-of-freedom (TOF) gyros,
plus servo-loops from the gyro pickoffs to the servo motors on the gimbals.

Pitch Axis NA, EA, VA - North, East, Vertical
Accelerometer

NG, EG,VG - North, East, Vertical

EG P GyroRR, PR, YR = Roll, Pitch, Yaw Resolver

* SM SM a Gimbal Servo Motors
RRG

Roll Axis sM P - Platform

OG - Outer Gimbal

Yaw Axis IG - Inner Gimbal

Fig. 5.3.1 Schematic View of Three-Gimbal Platform (TGP)

In Fig. 5.3.1 the three SOF gyros are denoted as north-, east- and azimuth gyro (NG, EG, AG). An important
step in the design of the platform and its servo-loop is again to verify the performance equation as de-
rived in the former two sections for the single axis and two axes platforms:

ip t (5.3.1)

ipwith the only difference that the angular rate vector w of the platform with respect to inertial space,
the slewing rate vector wt applied to the gyros' torquir and the gyros's drift rate vector D have three
components, for instance-in the north, east and down directions. The gyro stabilized TGP wifl then behave
like a free gyro about all three axes, i.e. the non-slewed and driftless TGP will keep its orientation
to inertial space (wip wie + wep . 0). On theý rotating earth it will move with respect to the ground In
a 24h-mode in a sense oposite-to earth rate we as indicated in Fig. 5.3.2.

The generation of the slewing rate t for using the TGP in an inertial navigation system will be subject
of Chapter 7.

The drift rates are discussed in Sections 3.3 and 3.4 and some error terms are listed in Tables 3.2.aeb
and 3.2.2a,b, where Table 3.2.1a and 3.2.2a contain all the terms under the assumption that the engineers
who designed the platform and its servo-loops have met the requirement mentioned in Section 5.2.1, i.e.
that the vibratory angular Lmplitudes of the operating platfom are below a few seconds of arc. The error
terms in Tables 3.2.lb and 3.2.2b may serve as an expedient to verify these requirements.

We will discuss in this section some of the problems the control engineer faces before he reaches the
goal mentioned in Eq. (5.3.1).
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Fig. 5.3.2 The Free Gyro on the Rotating Earth

For moderate pitch angles of the aircraft (theoretically< + 900, in practice < + 600 to 700, s. [5.4]
and [5.51) only three gimbals are required for the stabilizatlion of a platform, as shown in Fig. 5.3.1,
where the sequence of the gimbals is such that the angular freedom (yaw angle *) between platform and

inner gimbal is along the down or vertical axis of the aircraft, the angular freedom (pitch angle e) be-
tween the inner and outer gimbals is along the lateral axis and the angular freedom (roll angle #) between
the outer gimbal and aircraft is along the longitudinal axis of the aircraft. This enables the synchros
mounted on the gimbal axes to indicate yaw, roll and pitch angles (#. . 0) of the aircraft. Other gimbal
sequences are also possible, but in these cases the gimbal synchros do not directly indicate the generally
used attitude and heading angles and the angle limitation is in another axis.

The control loops for platform stabilization discussed in the previous sections were derived for the
torque vector M in the platform coordinate system with the components %•,E,D for the north, east and down

oriented platform. Since the gimbal servo motor torque vector Ms with the components s along the roll

axis, the pitch and down axis moves with respect to the platform when the aircraft is maneouvering, a co-
ordinate transformation is -equlred before the torque commands are applied to each servo motor. For the
sequence of gimbals mentioned above we obtain the following dependence of the servo motor torques on the
platform torques when the aircraft is maneouvering:

M R'j s see 0cos * -seec0sin* 0 4 s
I M C sin, cos 0 M (5.3.2)

N i S -tan e cos * tan e sin. 4 1 ME

The platform torques on the right hand side must be related to the gyro pickoff angles in the following.
way (s. Eqs. (5.2.1) and (5.2.8)).

I_ * F(s) -F(s) (5.3.3a,b)

where Eq. (5.3.3b) is valid for equal servo loop transfer functions in all three axes. We introduce this
into Eq. (5.3.2)

, - F(s) s(5.3.4)

and have now a basis for connecting the pickoff angles 9 with the electronic networks F(s) and the servo
motors as can be seen on the left side of Fig. 5.3.3. The right side shows the backward coordinate transfor-
mation Jos carried out by the gimbals. Thus-iiee seie at the servo motor torques in Eq. (5.3.4) can
really s pply the torque required in the platform coordinate frame (s. Eq. (5.3.3b)). i.e. independent of
the roll, pitch and yaw angle they can address one component on the platform. This zero cross coupling of
the torques is only true in the static case. In the dynamic case the following effects cause cross coupling
between the axes:

- varying load torques due to angular acceleration of the gimbals and changing moments of inertia and
products of inertia (s. [5.4], Chapter 5 and [S.6], Chapter 11.8),

- varying friction torques of the gimbal bearings and sliprings,
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Pidcaif I Loordinate Transformation IServo Gimbal Tarquers and ITorques on
Angles I by Resolvers IElectrnc iblKnmtc Platform

e CS e:0 4s ---
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Fig. 5.3.3 Block Dilagram for the Three Axis Platform Stabilization

-interaxis sensor coupling (s. [5.3]. Chapter 5, 9 and [5.4] . Chapter 5), mechanical gyros not only re-
spond to angular rates about the input axis but also to angular acceleration about the output axis,
s. Tables 3.2.1b and 3.2.2b; in [5.4] considerations on SOF gyro output axis orientation are present-
ed), and

-sensitivity of the gyro (s. Tables 3.2.1a,b and 3.2.2a,b) and the platform gimbal structure to linear
acceleration and angular vibration.

It is the task of the mechanical engineers and the control engineers to reduce these effects to a toler-
able level. Their efforts are measured in frequency plots of lhe dynamic torque stiffness or platform com-pliance (s. Eqs. (5.2.4) and (5.2.13)) or as ratios of JwP1 . i.e. as ratios of the platform angular
rate in the i-axis over base angular rate in the i-axis. For I - J this ratio measures "base motion isola-
tion",otherwise the cross coupling. Fig. 5.3.4 shows a platform frequency plot for the Bodenseewerk Gerilte-
technik TNP 627, an inertial navigation platform equipped with two dynamically tuned gyroscopes (Gyroflex
of Singer Kearfott, USA). At low frequencies the platform responds to an unbalance of 0.01 !*i with a tilt
of 2 arc sec. The platform stiffness decreases by one order of magnitude at high frequencies (5 to 50 Hz)

due to the decreasing servo loop response. At very high frequencies it increases again due to the Inertia
of the platform and the gimbals as we have seen in the discussion of Eq. (5.2.13).

;Y III! M I IH-11 EllI i ~ ~ I Il
~ .!. V - "L

J.i i
dy-7a' I

VV

Fig. 5.3.4 Frequency Plot of Closed Inner Roll Platform Compliance (TNP 627)

5.4 Four-Gimbal Platforms (FGP)

In practice the three-gimbal platform (TSP) is limited to pitch angles below +600 to 700 (s. [5.4] and

[5.5]). For higher maneouverability the four-gimbal platform (FGP) shown scheatTcally in Fig.A 1 hasto beusd
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NA, EA, VA - North, East, Vertical
Accelerometer

NG, EG, VG - North, East, Verticalt~j yGyro

RR, PR,YR, - Roll, Pitch, Yaw,
SP sM AR Auxiliari Resolver

A GPSM a Gimbal Serv Motors
P - Platform

P OG - Former Outer Gimbal

Pitch Axis SMu OG' - Outer Gimbal

Roll Axis IG - Inner Gimbal
Yaw Axis

Fig. 5.4.1 Schematic View of Four-Gimbal Platform (FGP)

The PGP is a TGP (s. Fig. 5.3.1) mounted in an additional outer gimbal OG' but with its roll and pitch
axes trinsposed. The three innermost servo motors are controlled as in the TGP but the outer roll servo
motor is controlled by the angle between the inner gimbal IG and the former outer gimbal 0G. Its task is
to keep this angle *' zero in normal flight. With the Litton LN-3 system, for instance [5.7], its freedom
is limited to +200. In the TGP o' was the critical angle e (the aircraft's pitch angle) and assuming that
the angle noititlon of FGP is *, o', 9, # for the synchros from inside to outside (it was *, e and * for the
TGP) we see from Eq. (5.3.2) and Fig. 5.3.3 when we replace 0 by ,' - 0 that the network from the gyro
pickcffs to the servo motors simplifies considerably. In this %ervo loop only the l-resolver is of signi-
ficence.

If the aircraft passes the critical region where gimbal lock would occur with the 'TGP (pitch angle ver-
tical, i.e. azimuth axis and roll axis coincide) the control loop from the inner roll angle 9' to the
outer roe1 servo motor changes its sign and becomes unstable. This causes the outer gimbal OG' to s2ek
another equilibrium wtich is 1800 away from the initial equilibrium. The FGP thus trades the "gimbal
lock" problem for the "gimbal flip" problem which requires a servo loop fast enough so that the gyros do
not hit their stops during the maneuver of the aircraft. In the LN-3 system the gimbal flip requires less

r1 than 0.3 s to achieve 900 of the required 1800 change [5.7].

In an aircraft carrying out a loop maneuver with subsequent roll the gimbal angles for heading and roll
will go through 180 0-reversals during gimbal flip so that thereafter the platform indicates again roll,
pitch and azimuth in the proper way. During gimbal flip an inner roll angle #' develops and reaches its
maximum at a time aT 0.3 s in the LN-3 platform [5.7] when the outer roll gimbal has rotated slightly
more than 900 of the required 180u. The inner roll angle is then approximately equal to t~ie pitch rate of
the maneuver multiplied by ST [5.7]. It affects the indication of roll, pitch and azimuth as shown in
[5.4], Eqs. (5-73) and (5-74). A detailed analysis of the gimbal flip kinematics is presented in tis
reference.
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6. ATTITUDE AND HEADING REFERENCES

In many applications for the evaluation of flight tests information about the aircraft attitude and
heading is required. In this chapter different sensors for the aircraft roll, pitch and yaw angles are
discussed (s. also Chapter 5):

- Vertical Gyro (VG), measuring roll and pitch angles.

- Directional Gyro (0G), measuring the angle between the aircraft roll axis and a reference direction
(e. s. true north).

- Attitude and Heading Reference System (AHRS); a combination of a VG and a 0G measuring the aircraft
roll, pitch and yaw angles with medium accuracy.

- Attitude Platform; a gyro stabilized three- or four-gimbal platform, measuring the aircraft roll,
Pitch and yaw angles with high accuracy.

- Strapdowm attitude and heading reference systems in which the aircraft roll, pitch and yaw angles
are computcd with high accuracy based on gyru and accelerometer mrasurements.

6.1 Vertical Syro (VG)

A vert 4cal gyro is a two-degree-of-freedom gyro with its spin axis vertical. The gimbal angles give the
aircraft attitude (roll, pitch) with respect to local vertical (FiS. 6.1.1). In normal operation, the VG
outer gimbal is aligned parallel to the aircraft's longitudinal axis, the inner gimbal is parallel to the
lateral axis and the spin axis is parallel to the vertical axis. The gyro soin axis is maintaied parallel
to local vertical by an erection system which uses the signals from a gravity sensing device (two bubble
levels in Fig. 6.1.1). A torque proportional to the output of these sensors is applied to the gyro, pre-
cessing its spin axis towards the local vertical in unaccelerated flight.

In a first order erection loop (Fig. 6.1.1) the amplified gravity sensor signalwhich is proportional
to the deviation c of the spin axis from the apparent vertical.is directly applied to the gyro torquers.
The response of this elementary VG in one axis to a horizontal acceleration f can be described bya first
order differential equation:

- -K g c + K f + w. (6.1.1)

T - 1/(K g) is the loop time constant and w is the sum of the gyro drift rate and the component of the
rate cf rotation in inertial coordinates of the local vertical along the gyro input axis.

The block diagram in Fig. 6.1.2 illustrates the Equation (6.1.1). Usually a value of K is chosen such
that the loop time constant s of tne order of one minute. This compromise value ensures that the error
angles due to drift (w) do not become too large and that, on the other hand, the transient horizontal ac-
celeration (f) during aircraft maneuvers does not have too large an influence. The influence of these ma-

Rotor

0(

Levels

Fig. 6.1.1 Vertical Gyro Principle ¾



1O0

neuver accelerations would not be negligible during prolonged turn if no additional measures were taken. In
a steady state turn at 200 roll angle at a turn rate of 180 degrees/min the error in the indicated verti-
cal would be about 8 degrees after a 90-degree-turn and about 13 degrees after a 180-degree-turn.

Two types of nonlinearities are usually introduced to reduce these errors (see . 61.3)

- erection cut off: The gyro precession signal is cut off when the sensed acceleration is greater than acertain value fl (typical 0.2 g), and

- precession rate saturation: The prezession rate is proportional to the sensed acceleration f until avalue 0 is reached. After that the precession rate is constant. A typical value for "a is 0.01 g.
Fig. 6.1.3 illustrates the application of both nonlinearities at the same time. With these nonlinearities

the maximum acceleration-induced errors can be kept smaller than 10.

Since the direction of the local vertical changes with respect to inertial space as a result of
earth rotation (earth rate) and of the aircraft motion around the earth (transport rate), a hang-off anglein the first order VG erection system occurs. This can b. explained with the help of Fig. 6.1.2. The sumof the angular rates due to the rotation of the earth and the speed of the aircraft are

roll coso coso

Wpitch . Q cosq sin* + V/R. (6.1.2)

Slatitude

g-15°/h, earth rate

* - aircraft heading

V - aircraft velocity

R - 6400 km, earth radius.

Constant inputs (wroll + drift) and (wpitch + drift) are. compensated in the first order roll and pitch loops
(Fig. 6.1.2) by a static error c, with

Es'roll . T a cosia cost (6.1.3)

Cs'pitch . T (n cosq sin* + V/R). (6.1.4)

For a loop time constant of one minute static errors of up to 0.5 degrees can occur.

The static error zscan be reduced by using a second order erection loop, as shown in Fig. 6 .1.4 . The
inclusion of an additional integrator in the loop has the effect that (constant) rates such as gyro
drift and rotation of the local level are compensated. In stationary conditions, this integrator's output
will be equal to these rate inputs with opposite sign, so that their influence is compensated.

I Fig. 6.1.2 Block Diagram of the Vertical Gyro Error Equation (6.1.1)

+ + C

Fig.6.1.3 Erection Cut Off and Precession Rate Saturation of a Verticaly
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Fig. 6.1.4 Second Order Erection Loop of a Vertical Gyro

HARDWARE EXAMPLE: SPERRY VG-14 Vertical Gyro

Fig. 6.1.5 shows the Vertical Gyro VG-14 which consists cf two basic parts: an electronics unit. con-
taining the erection control, torquer drivers, monitors, detectors and power supply control circuitri, and
a gyro unit, containing the gyro motor, gimbals, torquer motors, synchros and liquid level switches. Lead-
ing particulars for the VG-14are listed in Table 6.1.1.

A mechanical diagrm of the VG-14 is given in Fig. 6.1.6. The gyro erection circuitry uses the signals
frm two liquid level switches (S1 and S2 in Fig. EEG) to correct the position of the pitch and roll
gimbals with respect to the local vertical. These switches consiqt of glass tubes partially filled with an
electrolyte, two end electrodes and a common.electrode. When the switch is level, the electrolyte touches

both end electrodes and the cimon electrode, forming two ground paths. Tilting the switch rmoves one of
the end electrodes from the electrolyte, thereby removing a ground path. This signal is used to activate
the appropriate torquer motor to correct the position of the gimbal. A torque rate for fast or slow erec-
tion can be selected.

Pitch cut-off switches detect the fore-aft accelerations. Pitch erection cut-off occurs when this acce-
leration is greater than 0.07 g. Roll erection cut-off is initiated by the roll cut-off detector, which
monitors the roll angle. At a roll angle of 60, corresponding to a transverse acceleration of 0.1 g, the
roll erection loop is cut off.

Gyro rotor speed 22000 rpm within 5 minutes after power is applied

Gyro angular momentum 3.8 million go - cm2 per second

Gyro erection vertical within 3 minutes after power is applied

Verticality (Alignment of spin axis with
true vertical) 0.25 degree (bench)

Erection cut off 0.10 g (Roll); 0.07 g (Pitch)

Erection rate 20 degree/minute (fast)

2.5 degree/minute (slow)

Dimension 18.8 k 16.6 x 26.4 cm
3

Table 6.1.1 Characteristics of the SPERRY VG-14 Vertical Gyro
I!

~11
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Fig. 6.1.5 SPERRY VG-14 Vertical Gyro (19xl7x26cm3)
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Fig. 6.1.6 Mechanical Diagram of the SPESEY VG-14
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Due to the two-gimbal suspension of the DG, a varying error occurs in non-level flight due to kinematic
effects - the gimbal error. A mathematical analysis of the gimbal arror shows that the indicated heading
is a function of the actual heading and also of the roll and pitch angles:

ta4'- co" tank - tane sins (6.2.1)

* indicated heading

* actual heading

* roll angle

G pitch angle.

In most applications of a DG. the pitch angle is only a few degrees, whereas the roll angle frequently may
be As high as 405o 50 degrees, so that the roll angle must be considered as the mjor contributor to the
gimbal error. If the pitch angle is very small (e i 0). the gimbdl error equation is a much simpler expres-
sion.

taný* - tan* - coso.

From this equation the gimbal error 6* - * - * can be calculated directly
tan*(cos#-1) (6.2.2)

tana*) • 1+tanfz #cos(

Ouri n roll of the aircraft the 0G gimbal error results in an apparent change in azimuth which increases
as the roll angle increases. The gimbaT err-or reduces to zero only when the roll angle becomes zero. It is
less than 2 degrees for roll angles of less than 20 degrees and less then 4.2 degrees for roll angles up to
30 degrees, but can reach a value of 45 degrees at a roil angle of 90 degrees. The )6 output can be correc-
ted for this error, if the roll and pitch angles are know.

LEVEL

Fig. Di .1trectional Gyro Principle
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In the free mode, the azimuth error of the DG is equal to the initial misalignment angle plus the in-
tegral of the drift rate over the flight time. Apparent drift of the DG due to the meridian convergence and
the vertical :omponent of the earth rate can be calculated as follows

Meridian convergence rate VE ' W

SrVertical earth rate 0 • sin 9, (6.2.3)

V- V sin* east velocity

a . earth rate

R . earth radius

.• latitude

This apparent drift vaches values of twenty and more degrees per hour, so that these effects have to be
compensated by a torquing signal.

In the slaved mode, these (uncompensated) drift rates would produce a hang-off angle, similar to that
discussed in Section 6.1. Usually the earth rate correction is made with a constant torque signal, corres-
ponding to the man latitude and the mean velocity. These vaTues have to be set by the pilot before the
flight. For a precise correction of the meridian convergence, the aircraft vilocity must be known. The
major errors of a DG in the slaved mode are introduced by the magnetic sensor. Such errors are caused by
the magnetic effects of the aircraft: current-carrying conductors and ermsnently magnetized portions of
the aircraft structure (hard-iron effects, error with one cycle in 3600 heading change); high-permeabimity
portions of the structure are magnetized by the earth's field (soft-iron effects, two cycle error); dyna-
mic errors caused by the departure from the horizontal of the pendulous magnetic sensor under acceleration.
These errors can be compensated. sn that th!. rusidual error of the magnetic sensor is in the order of 0.2
- 0.50.

HARDWARE EXAMPLE: SPERRY Gyroscopic Compass System C-12

This heading reference svsteai consists of the following parts (Fig. 6.2.3)

- directional gyroscope

- induction compass transmitter (flux valve)

- pl1ftier - Aower supply

- remote magnetic compensator

- digital controller.

The induction compass transmitter detects the direction of the earth's magnetic field ar transmits 1his

information to a synchro that compares magnetic heading with the gyro heading. The error signal then sla-
yes the DG. The system ran be operated in this slaved mode or it can -perate as an ind.pende-t directional
gyroscooe (free mode).

The systia. has coriensation for the errors of the "nduction compass transmitter (remote agnetic com-
pensator), for the gimbal error (corrector circuit; roll angle required from a VG), for gyro drift and
earth rate and for the metidlan convergence error. For these corrections, ground speed and latitude are
requiý A rCie leading particulars ire supplied in the Table 6.2 2

Slaved headitg accuracy 0.?50 rms
Free gyro h='d: ig accuracy 0.0 s ms
"lititutie corrected)

Table 6.2.2 Characteristics of a SPERRY C-12 Directional Gyro

6.3 Gimballed Attitude and Heading Reference Systems (AHRS)

The Attitude and Heading Reference System (ANIRS) considered In this section Is on integrated combina-
tion of a VG and a DG. Usually earth-rate and transport-rate compensations are aloplied and no gimbal error

occurs because the DOG i mounted on the inner gimbal of the VY (see Fig.A..). For the transport-rite
correction, the aircraft velocity has to be provided by an externl sorce or iA men value is initially
set). With the hr'lp of the measured roll, pitch end yew angles, the transport rate together with the earth
rate Is resolved to the thrie axes of the MRS and the gyros are slaved to the appropriate signals. In

modern AHAS a small digital computer is included which controls the measuring unit and provides the re-quired outpu~ts of the system.
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HARD•AE EX14PLE: SPERRY Attitude and Heading Reference System
SYP 820 (License production by BODENSEEMERK)

The SYP 62 system consists of the following parts (Fig. 6.3.2)

- Gyro reterence unit

,I
- Electronics unit
- Controller.

Unit Controller Electronics Unit

Fig. 6.3.2 SPERRY Attitude and Heading Reference, System SYP 820
(Licence Production by BODENSEEIERK)

gn s rpitch gimin

.... " ,liquid levels

azimuth ginfal

Fig. 6.3.3 Gyro Reference Unit Configuration of the SYP 820

Fig. 6.3.3 shows the amr reference unit configuraiton: The directional gyro sta bilizes the servoed azimut.h
gift& and is mounted in servoed rail and pitch gimbals so that its input axis is in line with the local
vertical. Th vertical gyro is a two degree of freedom gyro, sensing the aircraft roll and pitch rotations.
Transport rate compensation is applied in pitch only, assuming that the aircraft velocity vector is lying
along the longitudinal axis of the aircraft, neglecting wind effects. The average velocity is mnually setin the controller oy the pilot. Earth rate is compensated for a fixed latitude. Two liquid levels are moun-
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The strapdown AHRS not only serves as an attitude and heading reference but also delivers information
on angular rate and acceleration. This results in a significant overall cost and weight reduction and pro-
vides for greater accuracy and higher reliability than heretofore achievable.

The Litton LTR-80, for instance, accepts inputs from the magnetic compass, air data computer and VOR/
('4ME. Its system outputs consist of attitude, heading, ground speed, vertical speed, drift angle, flight I
peth angle as well as linear accelerations and angular rates. It ensures no degradation of accuracy during
aircraft maneuvers.

The LTR-80 is equipped with three high accuracy accelerometers of the type A-2 and two dynamically tuned
gyroscopes of the type Litef K-273 (s. Fig. 3.4.10). A strapdown system (as shown in Fig. 6.5.1 for the
LTR-80, but also offered in a similar configuration by other manufacturers) can allow easier maintenance
by ready access to and simple removal of all parts including sensors. Table 6.5.1 summarizes the 95 % per-
formance of the LTR-80.

Heading accuracy 10

Attitude error 0.250

Ground speed error (with VOR/DME) 8 kts

Flight path angle 10

Body rates 0.10

Body acceleration 0.1 %

0.01 g

Table 6.5.1 Characteristics of the Litton LTR-80 Strapdown Attitude and Heading Reference System

i ;

S~Package

Fig. 6.5.1 Litton LTR-BO Strapdown Attitude and Heading Reference System
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7. INERTIAL NAVIGATION

7.1 Introduction

We will start with a brief review of the historical development of inertial navigation, which in theJjwestern world primarily took place in Germany and the United States.

The beginning of inertial navigation can be put at the turn of the past cent'jry. In 1905 the first pa-
tent on a north-seeking gyrocompass was granted to AnschUtz, Germany, and in 1913 a passenger ship was for
the first time equipped with an AnschUtz three-gyro compass. The theoretical outlines for this instrument
were laid down by Schuler. His publication [7.11 of 1923 on the principle of the 84-minute tuning, which
in technical circles is called the "Schuler tuning", is a frequently cited bibliographical reference in
the field of inertial navigation.

The gyrocompass is in principle a damped gyropendulum with a horizontal spin axis and a separation be-
tween center of gravity and center of support of about 1 mm. In the geostationary state this is a north-
seeking instrumant, the input signals being the rotation of the earth and gravity. It has a settling time
in the order of 4 hours.

The long settling time of the electromechanical gyrocompass precluded its use on the one-man-submarines
developed in Germany towards the end of World War II. In case of emergency these vessels had to switch off
all instruments, but the operator had to find true north again within 10 to 20 minutes after the emergency
was over. This requirement led to an instrument with short alignment time, the so-called "miniature gyro-
compass* (German: 'KleinkreiselkompaB"), for which a patent was granted to Gievers in 1943 [7.2]. It al-
ready contained the elements of a modern inertial navigation system, namely an air-supported accelerometer,
an air-supported gyro and an electronic "Schuler loop' which could be switched to a shorter period during
the alignment mode. The instrument, built by the nKreiselgerlte GmbH" company, Germany, required only 12
minutes aligmaent timel

The gyrocompass is priate as a vehicle north reference only at low speeds - a velocity component in
the north direction results in an error, the so-called "velocity error" of approximately 1 deg. per 10 kn at
450 latitude. Therefore this instrument has been widely used only in sea navigation, and not in aviation.

The idea of: a gyrocompass which indicates true north, independent of the speed, goes back to Boykow and
was pushed forward by Gievers, who developed the concept of an "over-ground compass" (German: "Obergrund-
kompaO") in 1940 and 1942 [7.21. The latter corresponds in principle to an inertial navigation system with
analog computer, which is still in use todayl

The work on another idea of Boykow, the so-called "track-mater" (German: "Wege-.7sser" patent granted in
1935), became more widely known in the literature shortly after World War I1. The work was carried out by
the company 'Siemens-Luftfahrtgeritewerk" and the name Reisch Is closely connected with It 17.2 to 7.5].
independent of Gievers, Reisch also developed the concept of an INS by the end of World War II.

After the war the lead in the development of this technology was taken over by the United atates, espe-
cially Draper in the Massachusetts Institute of Technology. The first successful flight of an INS was
carried out in 1953 between Massachusetts and California L.43.

We will now discuss the role of an INS as a navigation and flight test reference system.

It will be shown in this chapter that an inertial platform indicates true north with highest accuracy
only if it is at the same time also aligned most accurately to the vertical and ifin addition, the north-south and the east-west velocities as well as the geographical latitude are known. Therefore in an autono- '
mous inertial navigational system a closed loop of information on

the north direction,
the vertical,
the ground velocities in north-south and east-west directions, and
the position in geographical latitude and longitude

Is implemented.

As an inertial navigational system (INS) has this essential information for flight guidance available
in the form of a closed loop, it is undoubtedly the most attractive among the various navigationalsystems. ,

For this reason inertial systems are not only used in civil and military aviation, in space flight, in
sea navigation and for missiles, but also as measuring instruments in flight tests and in other cases
where moving base measurements have to be carried out with respect to the vertical (e.g. geodesy).

The achievements in space flight are still in our minds. The high accuracy achieved in flight guidance
was based on outputs from inertial systems which, together with outputs from other sensors, were combined
into optimal information on attitude, velocity and position.

ter and Chapter 8. Like all technical instruments an INS has its specific error sources, which are, how-

ever, of a different nature compared to those of radio navigation aids (e.g. VOR/ONE, TACAN, Ooppler radar,
ILS). An optimum of Information can be obtained by using information from different sources. In this re-
spect mathematicians have provided technicians with a fairly efficient tool in the form of the Kalman
filter algorithms o.6 to 7.9]. The above-mentioned achievements in space flight have been obtained through
the cotibto engineers in the form of hardware and of mathematicians in the form of software.

t
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As an inertial system comprises information levels in a closed loop as mentioned above, i.e. north di-
rection, direction of gravity, ground speed and position, aiding the system by means of external references
on the velocity level (e.g. Doppler radar) or position level (e.g. VOR/DME),also increases the accuracy
for the other levels. Therefore systems for high-accuracy simultaneous measurements of velocity and position
or attitude and velocity,or even the three states together,are always centered around an INS. It is also
advantageous to use an INS in those cases when the high-accuracy measurement of position is a main purpose
of the test [7.10].

Chapter 8 notes that the best available hardware in the form of an INS, and the best software of the
optimal filter algorithms are the basis for an accurate reference system during flight tests.

!I We will first discuss the functioning of a conventional platform inertial navigation system and its
error dynamics. This is followed by a description of other inertial navigation system mechanizations,
especially the strapdown systems. The commonality of the error dynamics of all inertial navigation systems
is the topic of the next section. The chapter concludes with a review of the self-alignment method for
platform and strapdown systems and an overview of existing inertial navigation systems.

7.2 Mechanization of an Inertial Navigation System with its Sensors Pointing North, East and Down - the

North Indicating System (NIS)

7.2.1 The Platform and the Command Rates

Fig. 7.2.1 shows the diagram of an INS which we use to obtain an understanding of its functioning. The
win vane on the platform symbolizes that it is indicating true north. This is called a "north
indicating system (NIS)".

The platform represented as a round disc in Fig. 7.2.1 is suspended in the vehicle (airplane, missile,
ship) with three degrees of rotational freedom. For simplification this figure shows only the verticalaxis. The rotational freedom as well as the other indicated signals are understood to have 2 or 3 orthogo-

nal components; 2 components for horizontal acceleration, velocity and position, 3 components for the an-
gular rate. It will be shown in Section 7.3.5 that the vertical velocity and position (altitude) cannot
be obtained alone from inertial measurements.

On the platform one gyro can be seen - in place of the three gyros - which, with the control loop
from gyro pickoff (P) via the electronics to the servo-motors at the gimbals,ensures the stabilization of
the platform.

As we have seen in Section 5.3 stabilization means that the platform does not follow the vehicle's angu-
lar motion, but tends to maintain its position with regard to the inertial space which is "stored" in the
gyros.

t The rotation vector wip of the platform with respect to inertial space will be zero if no command rate
Sis applied to the gym torquers and if the gyro drift vector D is zero. Otherwise the platform orienta-
Tion changes according to Eq. (5.3.1):

_P =wt +D. (7.2.1)
In case of the NIS, the platform always has to be aligned with its axes parallel to north, east and

down, i.e. parallel to the axes of the "navigational coordinate frame" (subscript n), defined in Section
2.1 and Fig. 2.1. The total angular motion of the platform with respect to inertial space is

W ip ie + en + np, (7.2.2)

ie "earth raeaden nwith w rate and W = transport rate (s. Eqso (2.20) to (2.24)). The angular rate np of the plat-
form lith respect to the navigational frame must vanish. The condition for meeting this requTrement is

t ie en inW = w +_W - D = W - D (7.2.3)

i.e. the gyros on the platform have to be fed with a command rate equal to the sum of earth rate, trans-
port rate and drift as indicated in Fig. 7.2.1.

the flight is towards the west, t decreases with increasing velocity, vanishing completely when wen
- Wie (1200 km/h for %p = 450). The effect of scale factor errors of the torquers in the gyros thus decreasesas westerly velocity increases.

Since with the NIS the geographic coordinate frame is stored in the platform, the aircraft attitude and
azimuth can directly be measured at the gimbal axes (s. Fig. 7.2.1).

7.2.2 The Navigation Computer

The navigation computer receives the specific forie vector f as input signal from the accelerometers on
the platform and generatls the command rate vector w{ for the gyros as feedback signal to the platform. Ac-
cording to Eq. (7.2.3) w_ denpnds on earth rate and-transport rate, i.e. on groundspeed and position.

Eq. (2.29) is the basis for the integration of groundspeed and position from the accelerometer measure-

ments f. In the NIS it is evaluated in the navigational coordinate frame and reads:

v-n ,-n (2wie + enw nv + (7.2.4a)

or in components: S. - +• )nXVn +
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+ WE f fE 2VN V simp - 2 Q n'coswj +

fjD -2VE r co" - VNv '$ (7.2.4b)

these terms have to be compensated in the computer.

The following relationships have to be observed (s. Section 2.1):

21r rad 5tad arc sec(..)
2-W - - 7.292 115 * 10" 5 K- 15.041 067(7.2.6)

w earth rate magnitude

SvE
(RE+h)cos - rate of change of geogt-aphic longitude (7.2.7)

A = P + - rate of change of celestial iongitude (7.2.8)

S= - rate of change of geographic latitude (7.2.9)

RN . R[1 + e2 ( 3 snn2 2)] - radius of curvature in the meridian plane (7.2.10)

7]IRE . R[1 + I e 2 sin2•o] = radius of curvature in the transverse plane of the ellipsoid (7.2.11)

R = 6,378.160 km = semimajor axis of the ellipsoid (7.2.12)

e 2 = f(2 - f) - numerical eccentr.city (7.2.13)

f Z8 1Z7 - flattening of the ellipsoid. (7.2.14)

The components of the feedback signal t = e n+ from the computer to the gyros on the platform are:

ie f cosw
a• " i0 --earth rate vector (7.2.15)

I icos9' V~(RE + h) '
VO N+h) J -transport rate vector. (7.2.16)

;iny -[VE/(RE + h)] tanp

SAs already mentioned abve, pure inertial navigation can only be carried out in the horizontal plane

and Fig. 7.2.1 is only valid for this case. For the navigation in the vertical plane a Fetup according to
Fig. 8.2.1 is recommended, in which the vertical acceleration and velocity are corrected by the difference
of the inertial and barometric altitudes via the gains I/T' and 2/T with T = 30s. In this setup the Coriolis
acceleration and thc modelling of gravity as function of altitude and latitude (s. Eqs. (2.32) and 2.33))
can be neglected without severe effects on accuracy. For further details s. Sections 7.3.5 and 8.2.I.

The deflection of the vertici with components &and n(s. Fig. 2.4) is the point where geophysics affects
inertial navigation Cs. Eq.(7.2.4b). For the INM/h class INS it remains uncompensated in the computer and the
navigation in the horizontal plane becomes independent of gravity. The modelling of gravity is therefore
not required in the horizontal computer of Fig. 7.2.1. Yet gravity has an influence on the dynamics of the
system, which will be dealt with in the next section.

In modern INS's the signal format of the accelerometer output f is a pulse train, where each pulse is a
velocity increment of 0.5 mn/s, for instance. This is fed into an up/down counter, sampled at a rather low
rate of approximately 5 Hz for the evaluation of Eq. (7.2.4).

t 'I
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7.3 The Error Dynamics of the North Indicating System

7.3.1 The Error Dynamics of a Single Axis Inertial Navigation System

The signal flow of Fig. 7.2.1 for the two horizontal channels from the accelerometers,via the integra-
tors and the division by the representative radius of curvature of the earth, to the torquers of the gyros I
are called Schuler loops. They are the electronic implementation of a two-axes mathematical pendulum whose
length is equal to the radius R of the earth, having the frequency and period of:

us = (g/R) 1 12 
" 1.235 - 10- s Ts __ - 84.4 mn, (7.3.1)

which are called "Schuler frequency" and 'Schuler period".

A pendulum tuned to this frequency always indicates the vertical on a moving vehicle, once it has been
aligned to it prior to the start. Also a gyrocompass. tuned to this frequency, will not be excited to
disturbance oscillations by the horizontal acceleration. These rules were revealed by Schuler in his publi-
cation of 1923 [7.1]. The Schuler period also governs the motion of a satellite surrounding the earth orthe motion of a stone traversing a hole drilled through the earth [7.l1J.

A conventional physical pendulum can hardly be Schuler-tuned. For a physical pendulum, the following
relationship would have to be satisfied:

t2
R (7.3.2)

(i - radius of inertia - 2,5 m for r a pivot-to-center-of-mass separation - lu m).

In practice the Schuler tuning condition can only be met with the aid of a gyroscope - as in a gyrocom-
pass or the INS. The simplified single axis INS shown in Fig. 7.3.1, may serve as a basis for the following
discussion.

The platform (P) is mounted on a vehicle heading north and gyro-stabilized about its east-west axis
perpendicular to the plane of the drawing) by means of the servo loop from the gyro (G) signal generator

) to the servomotor (SM) of the platform. T&e accelerometer (A) has its sensitive axis in the direc-
tion of motion and its output signal f is coupled to the torquer (T) of the gyro via the integrator and the
amplifier - 1. vN is the velocity and CE the angular deviation with respect to the vertical.

The system's error dynamics are described by the linearized state space equations:

r 0 1/ 0 10 c
0 g 0 0 0 1 6VN

16 0 1/i 0 0 0 0 4
160 0 0 0 0J DE

0 0 0 0 0 'N / (7.3.3a t.) e)

with DE - gyro drift and - accelerometer error assumed to be constant.

This equation is of the following form:

x + u (7.3.4)

with § u -0. It has the following solution as shown in [7.7], Chapter 3
t

x(t) - t(t, to) X(to) + I t(t,r) §(T) u(T) dt. (7.3.Q)

The transition matrix t is the solution to the differential equation: I"

dtt,T)- t(t,T) with t(t,t) - (7.3.6)

For constant coefficients in [ the transition matrix t depends only on the time difference t-T, i.e.

t(t,T) - t(t-T). (7.3.7)

If we set T - t and At - t - ti in Equation (7.3.6),its solution will read:

t(At) - e.* t : I + E • At + at . ...... (7.3.8)

which is the basis for numerically solving Eq. (7.3.5). For a closed solution based on Laplace transformation h
we use the following relationship (s. [7.12], Chapter 7):

t(-) I[l'l - .. V C1 ([si - )•l 3'

So we obtain:

1~J
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Fig. 7.3.1 Signal Flow Diagram and Block Diagram for a Single Axis Inertial Navigation System
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CE(t) Cosn - 1 S t sin sAt - (-CoswsAt) Y(t)i

6VE(t) Rco slnw At cos At 0 R(1-cosw5 At) s inws At 6VM(t0

s!
W

I(t) - 1- cos• At - sin s at 1 At - L sinsht (l-coswS/t) &p(to)

BE 0 0 0 1 0 BE

8N0 0 0 01

(7.3.10a to e)

The single axis INS errors due to ea~t-west gyro drift DE and north-south accelerometer bias S., are
plotted in Fig. 7.3.2.

All INS errors are bounded, except for the effect of gyro drift DE on position error &p, confirming the
importance of these sensors on long-term system accuracy. The slope, i.e. the mean velocity error provides
the "rule of thumb for inertial navigation":

"- R -D -D navigational error per , gyro drift. (7.3.11)

Physically this rule becomes understandable if we consider that the gyros keep stored in the platform
the reference coordinate system for navigation, and that the gyro drift causes an analogous drifting of
the reference coordinate system. (As a reminder: 1 degree of longitude - 111 km at the equator).

It is interesting to note that the effect of accelerometer bias BN on INS errors is not as severe as
one would expect. The misalignment error EE and the position error are alike. The mean error is limited to

-•E" •s BN/" (7.3.12)

This means that the accelerometer bias is compensated by a component of gravity due to the mean platform
tilt.

For periods that are short with respect to the Schuler period, one can introduce in Eqs. (7.3.10) the
approximations:

sin Wst t .1 (st)3 (7.3.13)

Cos Wst - 1 -- (Wst) (7.3.14)

This leads to the curves marked in dotted lines in Figure 7.3.2,which for a longer time period are al

so valid for the set-up of Figure 7.3.1 without Schuler loop or for inertial navigation on a flat earth.
The respective approximations read as foTT-o'v-

E(t)E ' CE(O) + BE - t'

6VN(t) - (g £E(O) + BN) t + BEI t2

"M -(t W~o) + (cE(o) + EIt
)E + 1 )-T+ DE T_ I (7.3.1Sa,b,c)

In summer we may conclude that inertial navigation would not be possible for extended periods if the
earth were fRat.

7.3.2 The Error O~amics in the Horizontal Channels of a Three-Axis North Indicating System (NIS) for a
Short Period of Time

HAI.7.3.3 shows in simplified form the block diagrams of the error models for a three-axis NIS in the
Iowai Tr -and the barometric aided altitude channel in the upper helf. On the left side the sensor errors
are listed, on the right side the system errors, and in the middle the error models of the NIS and alti-
tude channel dynamics are represented.

As compared to the complete error model of an NIS [7.131, which will be discussed later (s. Fig. 7.3.4),
the so-called 24-hour oscillation caused by the coypling of the platf)m angles E nvia the components
of the earth rate plus the transport rate A (with A 0 + 11 or -, respectivelyhs." bn cut down to the
coupling of the azim.th misalignment CD into the rotation about the east-wist axs cE. For the purpose of
discussion this is justified because on the one hand ED is in general one order of magnitude higher than
the horizontal misaligrui•t CN E. On the other hand for flight periods of up to 2 hours we can assume with
good accuracy: sin At - At an cos At u I (error in this approximation c 10 %).

For an estimation of the errors In the MIS channels we assume that the slewing of the vertical gyro as
well as the compensation of the Coriolis acceleration can occur without errors and there remin two Schuler
Sloops as in Fit. 7.3.1. In addition to these Schuler loops Fig. 7.3.3 shows the influence of the azimuth

vierror c0as well as of the vertical gyro drift D
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On one hand the azimuth deviation ED causes an acctleration error in the horizontal channel which is
orthogonal to the respective horizontal acceleration VN.E of the vehicle. We assume that the acceleration
of the vehicle from start to the constant cruise velocty is short compared to the Schuler period, which
means that this cross-track acceleration error is integrated in an initial velocity eror:

04•(o) - 6VN(O) + ED(O) VE 6Vi(o) - 6VE(O) - cPVN. (7.3.15a,b)

On the other hand, the azimuth trror has an effect comparable to a north-south or east-west gyro drift I
through t0e coupling of the rates %p and Acosp into the respective orthogonal platform axes:

D4 O DM - (Eo + Dot)o Di - DE + (cE + 0 t)ACOSag (7.3.17a,b)

The relationships compiled on the following page (Eqs. (7.3.18 a to g)) were obtained in a way similar
to the one for the single axis inertial navigation system in Section 7.3.1; the state space equations of
the two uncoupled horizontal channels were supplemented by Eqs. (7.3.16 and 17) and cosy was assumed to
be constant.

Of the results we want tc discuss only the position equations and cast a glance at the main error
sources. The initial position error (64P(o) and SA(o)) can be assumed to be zero, as on anky major aerodrome
the geographic longitude and latitude are indicated at the aircraft parkIng positions. The initial error
velocity can also be neglected; if the switching of the NIS into the navigational phase takes place on a
"stationary aircraft, V(o) is then accurately known.

In comparison to Eq. (7.3.10) essentially only the effects of the azimuth alignment error ED(O) and of
the vertical gyro drift DO have been added. It is interesting to note that the deviation with ime of the
"cross-track-error" is equal to that of a common dead reckoning navigational system in the east-west
channel (6X(t) cosi.- r.D(O) L.4). In the north-iouth channel this is true only for short times when
6j(t) - OL •A -.(QIWS) sin w stj coS-- cE LA cosv. After approximately 10 minutes, earth rate coupling
becomes effective.

It is this difference in the error characteristics that allows in-flight gyrocompassing of a misaligned
NIS based on a Doppler radar for measuring the body-fixed ground speed components and the misaligned plat-
form as heading reference. We will come back to this topic in Section 8.2.1.2.

If we start from the assumption that before the start the platform has aligned itself in the north
direction and in the horizontal plane as a result of a gyrocompassing procedure, we shall under ideal con-
ditions have the following relationships between the alignment and sensor errors (s. Eqs. (7.5.2a to c)):

CN(O) = BE/g (=. 0.1 m rad - 20 arc sac) CE(O) = -BN/9 (-0.1 m rod - 20 arc sec)

rD(O) - 0 -BE/ cos•) (= 1 m rad - 3,4 arc, min), (7.3.19a,b,c)

the numbers being valid for B - 10" 4 g and 0E - 1/100 °/h as well ase - 450. Eqs. (7.3.18f,g) reduce in
this case to:

SEt Acosi s6i(t) • cD(O) V- DD (kA I 7 _- 7 (1- cos Wst))
SN _

6x(t)cosf -Uo(O) - DN(t - sin st), (7.3.20a,b)

Swobeing the distance flown. For periods that are short in comparison with the Schuler period (6 min
apl.oximately for a 10 % error) these relationships will reduce to:S E

6'(t) co D(o) T- $N
6X(t) Cos = C(0) r-(7.3.21a,b)

which means, that after fully completing self-alignment, the navigation error of the NIS under ideal condi-
ti'.ns initially consists exclusively of the cross-track error, and is identical with that of a normal dead
reckoning navigational system with ideal velocity indicators!

7.3.3 The lo-Errors in the Horizontal Channels of a Three-Axis North Indicating System (NIS) for a long
Period of Time

Fi~. 7.3.4 shows without simplifications the block diagram for the erroneous signal flow in an NIS. The
lower--FR35ik for slewing the vertical platfom axis is proportional to tanP, indicating that inertial
nov, tion with this kind of mechanization is impossible for polar flights. In the discussion of this
sectlon we will stay in the allowable latitude ranges (for the Ferranti FE SO0 system f <+88.50). a

For flight times above 6 minutes, the drifts of the horizontal gyros become significant. The Coriolis
acceleration errors and the earth rate couplings become significant after approximately 2 hours.

If the NIS is standing on the ground, the dynamics of its errors for long periods are described by the
Sfollowing frequencies (s. [7.13]. Eq. (7-49)):

w1,2 w s + o stn4 see Fig. 7.2.1 and 7.3.4 feedback ( + @

* - • see Fig. 7.2.1 and 7.3.4 feedback (. (7.3.22a,b)

w3,
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The first two frequencies characterize the Foucault-modulated Schuler oscillation. i.e. the oscilla-
tionof a freely swinging pendulum of length R on the rotating earth. The oscillation plane of this
pendulum stays, as it is well known, inertially fixed, i.e. it rotates with the negative vertical compo-
nent of the earth rate Oinop with respect to the earth.

The third frequency characterizes the 24-hour oscillation, i.e. the motion as indicated in Fig. 5.3.2,
which is carried out by a misaligned gyro-stabilized platform without a Schuler loop on the rotating earth.j: The linearized error equations of the NIS including the altitude channel aided by a barometric altimeter
are summarized on the next page (Eqs. (7.3.23 to 7.3.29)). The error dynamics of the altitude channel will
be discussed in Sections 7.3.5 and 8.2.1.1.

The theory discussed above is confirmed in the measurements of a modified uncalibrated LN-3 system taken
over 2 hours in the laboratory of DFVLR and plotted in Fi . 7.3.5. These plots show the acceleration,velocity and position errors: large Schuler osciIlations a el as the initial part of a 24-hour oscilla-tion are excited by the bias errors of the uncalibrated gyros and accelerometers.

The LN-3 (s. Fig. 7.4.5) system was modified in the following way: the Schuler loop was not closed via
the analog computer which is part of the original system, but via a Honeywell DDP 527 computer. In doing
so the accelerometer signals were tapped and converted into digital format by a 16 bit analog to digital
converter (DFVLR design) and the platform slewing rate was again converted from digital to analog format
by a digital to analog converter.

The NIS in-flight system errors differ from the stationary system errors by the manoeuvre-dependent
cross-track velocity errors (dVN,E . t ED VE,N) and position errors (6SN E , + ED SE N - s. Eqs.
(7.3.21a,b) and (7.3.18 d to g)). They are superposed to the Schuler oscillations shdwn in Fig. 7.3.5.

We will now come back to the discussion and evaluation of the state space error equations (7.3.23) of the
NIS, which are of the type (7.3.4) where for a system in flight the matrix E has time varying coefficients.
A general solution of this set of equations cannot be obtained without considerable simplifications. In
most references the horizontal acceleration is put to zero, but in this case the cross-track error of the
system is not taken into account properly.

In order to be able to judge the NIS accuracy over more than 2 hours flight time, the Eqs. (7.3.23) are
solved on the digital computer following the course of Eqs. (7.3.4 to 8) and under the assumption that the
coefficients of E do not change during the computation cycle increment At.

The NIS errors resulting from this numerical integration are valid for one set of initial conditions,
sensor errors and one aircraft flight profile only. Even if we assume in a-siTmulation that the flight pro-
file does not chanjgfrom day to day we may still not predict exactly the performance of the system since
the sensor errors and the initial misalignment angles of the platform will change.

The specification of sensors on the manufacturer's data sheet always defines an accuracy class which is
obtained from the test results of a great number of different samples. Plotting a histogram of the gyro
test results after bias compensation, the test engineer will certainly obtain a distribution similar to
Fig. 7.3.6a, which can be approximated by a Gaussian-distribution with zero mean shown in Fig. 7.3.6b. The
samewll hold for the accelerometers and for the system alignment errors which are related (o ahe sensor
errorsas we have seen above (s. Eqs. (7.3.19a to c)).

p(x)
a) '15 Samples b)

40

-10 .

•5 e.1 "t

0.2

-2 -1 0 1 2 .3 -2 -1 01 1 2 ii
SDrift [10- 3 °/h] ep[(~ )/ 0

Fig. 7.3.6 Histogram for the Drift Measurement of a Certain Type of Gyro (a) and Approximation by
Gaussian Probability Density Function with Zero Mean (b)

Based on these assumptions a more general statement can be obtained for the accuracy of systems of one
class, all in the same dynamic environment, by applying the error covariance propagation equation [7.7]!j •• ): •~(t) =ait't to) Pit°) 1T(t, to) + (Qt)' 7..0

where the first tarm on the right hand side describls the covariance propagation within the time increment
At= t - to and the second term the covariance increase due to white noise. This relationship is also

. t (-0
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used in the Kalman filter algorithms for describing the systems accuracy during the optimal estimation pro-
cess [7.6 to 7.9].

Day-to-day changes in sensor bia,, have to be included in the state vector x as is done in Eq. (7.3.3)
for the single axis inertial navigation system.

In the case where no sensor errors and no noise affect the single axis inertial navigation system (DE
BN - Q(t) - 0) we obtain the following time dependent covariance matrix with the initial uncertainties
a and aVO for platform misalignment and velocity.

2 c2s wSAt+ (v°) 2 sin2 S5 t 2 s s
GO C Rat sin W At (2co - )cos ]st sin sat

P (a2 Rws - O-!) cos wsAt si. .s at °vo2 cos 2  WsAt + i, p )2  sin2  j At (

On the main diagonal we find the quadratic sums of the errors in Eqs. (7.3.10a,b). The lo-values of the
errors with Gaussian distribution are the square roots of the elements on the main diagonal:

011 i 1 tt. (7.3.32)

In Fig. 7.3.7a to c the la errors of an NIS are plotted over a 6-hour and a 36-hour period. They describe
the Gaiussin distribution of the system error is. Fig. 7.3.6), i.e. with a probability of 68 per cent the
respective system error is within the limits indicated, under the condition that the NIS is within the class
of accuracy marked by the given la alignment and sensor errors.

From the effect of the various uncorrelated error sources on the position error in Fig. 7.3.7c the fol-
lowing can be stated:

- As V - 0, the cross-track error does not become significant.
- For short periods of up to 1/2 h in the north-south channel or 2 h in the east-west channel the influen-

ces of the initial misalignment and of the acceleromiter bias are identical, which can be explained by
the fact that initially the azimuth misalignment does not become significant.

- In the north-south channel the initial misalignment causes a mean position error increasing linearly
with time - according to Eq. (7.3.17b) the azimuth misalignment has the effect of an east-west gyro
drift.

- The gyro drifts cause a mean position error increasing linearly with time, which is due mainly to the
horizontal gyros. According to Eq. (7.3.18f) the vertical gyro drift of a stationary NIS after a time

At - 4/(Acoap) >> 2h, (7.3.33)

causes the same mean position error as that produced by an east-west gyro drift of the same amount. However
at longer times the effect of this vertical gyro drift becomes dominant.

7.3.4 The Circular Error Probable (CEP) in the Horizontal Channels of a North Indicating System (NIS)

The covariance matrix describe the multidimensional Gaussian distribution for the states of the NIS
errors. _

For the two components of the horizontal velocity error or position error this distribution is similar
to Fig. 7.3.8. Horizontal sections through this distribution are error ellipses as described by the expo-
nent rY p(x; in Fig. 7.3.8 and as shown in Fig. 7.3.9 for the position error similar to Fig. 7.3.7c at
a time between 3 to 4 hours.

Plx,y) &

4 40

X E) Menvleo CA V ! eE

j.(4 " -m, m,,aor ') -sz o.a.:.:•. .-•az ,

•- [)(- - -covaranc mbk of ve" i

Fig. 7.3.8 Two Dimensional Gaussian Distribution Fig. 7.3.9 Covariance Matrix, Error Ellipses and
Circular Error Probable (CEP)
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The projection of the ellipses on the north-south and east-west axes awe the la values obtained from
Eq. (7.3.32) for 6SNE,

For system specification these la values in the twm a&es are not so convenient; the manufacturer gives
the overall specification in form of the CEP (circular error priobable) value which in a tw-dimensional
case is the radius of a circle around the mean value comprising the errors with 50 % probability unless
otherwise mentioned (e.g. CEP9 0 corresponds to 90 % probability).

The coveriance analysis shows that the CEP in the one-dimensional case is:
CEP - 0.615 a. (7.3.34)

In the two dimensional case the CEP value can be obtained from Fig. 7.3.10, once the uncorrelated a-
values on the elliptic main axes are known, which can be found by rotiUtinithe coordinate frame. One may
show that the covariance matrix in a rotated coordinate system x i x is defined by

T 11G. (7.3.35)

I

, i. :;:Z .-,o0
~b04

10.7

0,3

0 1 2 3

Fig. 7.3.10 Probability of an Error Lying within a Circle of Radius c (a are the uncorrelated standard
e n ro t deviations in x,y). From [7.33] and [i.14'JYFig. 2.13].

Requiring that its components are uncorrelated, i.e. that P' has components on the main diagonal only,we find for the angle of rotation we

at arc tan (. 6
axe -0y, e

and the uncorrol~tod a-values:

axy I 2 ± [ ry. )y. (7.3.37)

In the example of Fig. 7.3.9 we obtain, with a' axj- 5.62 km and 0v' GE - 3.81 ki, the uncorrelated
a-values ax - 6.58 Im. ay y 1.98 km and the 50 % and 90 % probability cXrcles CEP - 5.0 km and CEP90
11.1 ka.

The CEP contains the random NIS errors, which up to now we have obtained as a reuto !fn analqis by
assuming random sensor errors (S. Fig. 7.3.6) and random initial misalignment errors. A s l ight
tests the CEP has to be understaod a

- for a single system, the system day-to-day error variation about a man error for a certain flight
profile due to the day-to-day sensor error variation about the man error;

- for a whole class of system, the performance to be expected from this system series for a certain
flight profile.

In the latter case it is assumed that the minifacturer has compensated the-man error of the sensors to
a minimu before delivering the systems. Mw judging the system performemc the customer should bear in
mind the randomess of the CEP and the effect of the fliqht profile on it. This randomess also mans that
the dtum perfortnce dari testing may have been better an a OSunday flight' than on a Ofonday flight*
and tenufacturer may to forget the latter one. As to the effect of Ohe flight profile one should

rj
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realize that syste performance my also be better on a flight where the aircraft rtturs to the starting
point when the cross-track error, for instance, vanishes (s. Eq. (7.3.18)).

7.3.5 Justification of the Decouplin, Between the Vertical and Horizontal Channels in an INS - the Error
;Wmics in te Vertical cmanl I

So far we have discussed the errors in the horizontal channels of an INS only. But the decou 11 be-
tween the vertical and horizontal channels is justified as may be seen from Eqs. (7.3.23) to (..2).

The last column of Eq. (7.3.23) indicates that an altitude error 6h causes an erroneous platform slowing,
an acceleration error and a position error slope. The altitude rate error gh again causes an acceleration
error. But the estimations in Eqs. (7.3.26) and (7.3.27) show us that both have a negligible effect on thehorizontal channels. -

As to the effect of the horizontal channels on the vertical channel we have to consider that the exclu-
sively inertially derived altitude is unstablewhich can be deduced from Figs. 8.2.1 and 7.3.3 or Eq.
(7.3.28) by cutting off the b petric aiding T - -). Iffor the computation of g(h),Eq. (2.36) is
expressed as (g(h) - for which t altit is fed back from the system output, the eigenvalues

* + (29/R) (7.3.38)

ascribe the unstable error gr! th of (Bv-
ah(t) - 6h(o) cosh 1K t - 7v(I - cosh x t) (7.3.39)

iThisis plotted as i function of time in Fig. 7.3.11.
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Fig. 7.3.11 Error in the Vertical Channel of an INS Due to an Acceler oeter Bias

The -ortical channel has to be aided by external mesuvm nts as discussed in Setion 8.2.1.1. .

7.' Other Mechanizations of Inertial Systms

In the HIS the geographical coordinate frome is mechanized with the acceleomters measuring the vehi-
cle's horizontal motion in north-south and est-west directions from which the computer derives velocity
and position in the se directions. Other mchanizations are possible where the acceleration is measured
in oths- directions (wander azimuth platform, strapdown inertial measuring unit. inertial stabilized plat-
form). -- ie on earth all, in common with the N!S, derive by means of the couter the velocity and
posit.' orth-south and east-west directions.

Th.w systems and their advantages will be described briefly below. Differences and commnalities of

the error propagation of all systems as compared to the NIS are discussed in the next section.
7.4.1 Navigation Based on Inertial Haasurements in the Wander Azimuth Coordinate Frame

The wander azimuth coordinate frame'(subscript "A, s. Fg 7.4.1) is defined by a rotation a (the wan-

der angle) of the platform about the vertical axis with respTc navigational frMe so that:
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na na 0T (7.4.1)

i.e. the wender azimuth angular rate i is Just the difference between the actual vertical platform slowing
and the vertical rate of change of the navigational frame with respect to inertial space.

11

posittion

Itn

geographic- wander angle-
coordinate system

Fig. 7.4.1 The Wander Angle Coordinate Frame

By selecting different relationships for a, certain advantages may be obtained:

- by-pass of Coriolis acceleration (2wit + ÷ e)& x V. (s. Eq. (7.2.4a)) in the horizontal channels which
may De advantageous in analog compuTers,by choosing:

& . (.ie* a _ za; (7.4.2)

- by-pass of vertical platform slowing by choosing
;.(Wie + -Woo)z (7.4.3)

- worldwide inertial navigation, 'ncluding navigation over the poles, by not slewing the platform about
the vertical axis with the vehicle's transport rate (s. Eq. (7.2.16)

- VE/(RE + h)] tamp (7.4.4)

Fig. 7.4.2 shows a block diagram of this kind of navigation and a picture of the Litton LTN-72 in
WT RITh ti iimplemented;

- worldwide inertial navigation plus reduction of gyro drift effects on system performance by slewing the
horizontal sensors on the platform with the rate of, for instance, I revolution per minute about the
vertical axis with respect to the vertical gyro. which remains unslewed. the Delco Carousel IV INS is
mechanized in this my as indicated in Fig. 7.4.3.

In the Carousel IV INS the output signals of the horizontal accelerometers rotating with I 1 RPM with
rps?,ect to the unslewed vertical gyro are first transformed into the axes of the vertical gyro using the
ang • 8 as bmesured by a synchro between the two halves of the platform (s. Fig. 7.4.3). The wander azimuth,
i.e. the angle between the computer and the navigational coordinate frmes,can be derived from the follow-
ing relationship:

i._ncs _ Etm (7.4.5)

7.4.1.2 The Navigation Computer

The navigation computer of the wander azimuth INS (s. Fig. 7.4.2 and 7.4.3) works internally with the
velocity vector:

v4 (vx V y .)T, (7.4.6)

which is obtained from the accelerometer outputs by iaplementing Eq. (2.29) with the subscript *n" replaced
by "a".

The velocities in the geographic coordinate frae may be cmputed via
a- X na V-4 (7.4.7)
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imode selector unit9

control and display unit

Block Diagram of inertialNavigation in the WanerAzimuth Coordinate Frame 
!

and the Litton LTN-72 in inertial reference unitwhich this is implementedI
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IV Systems; Typical Installation of the Systes
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where
e ose -sinm 0)

an i" (cis;o o° S r -fli• (7.4.8)

The earth rate in the wander azimuth frame:

yHe ' ;in ',on (ocostp cosol -Oicosqo sina -%imp)T (7.4.9)

and the wander azimuth rate with respect to the earth

oea en na en 0 ;)T

c+ (÷

2V Cos a + sin2 C) sin2a R (7.4.10)

W vy 7. %.1o

j(Vy cos + V sin a) tano +aE Yx

are added up for slewing the platform.

Position computation is based on the following integral equation

t C11 C12  C13
4ea(t) - gea(o) + I iea JPa dt - C21 C C23 7.4.11)0C31 C32 C33,

where a 0 -Oz

4)z 0 - (7.4.12)

"Ily lax 0

The matrix J. can also be interpreted as being obtained from the rotations of the wander azImuth with
respect to the earth-fixed frme via the angles Af , c& (s. Fig. 7.4.1):

cosP cos* -cos-e sin* -sinfo

iea "en ina " -sin'p sin A cosm sinqp sin &A sina -cos" sin Al (7.4.13)
+cos AX sina +Cos &X cosCL

sin5m cos AX cosm -sin9 cos AX sinm cos~o cos

.+sin AA sinr +sin &X coss

Equalizing the elements of (7.4.11 and 13). the geographic position and true north can be computed using:

s5nmo - -C1 3  tanAA - -C2 3 /C3 3  tanas -C1 2 /C11. (7.4.14a.b.c)

Although singularities do exist in the computation of the latitudap and the wonder azimuth a at the
geographic poles, the computation of the matrix W(t) does not have singularities so that the continuity
of inertial navigation is assured on a polar fligJt and T and a are again correctly computed shortly after
passage of a pole.

According to r7.14] the integration of Eq. (7.4.11) has to be executed with 26 bit words and the inte-
gration of the a~cele-ation with 17 bit wAods if the corresponding drift is to be kept below 1/1000 O/h.

7.4.2 Navigation Based on Inertial Masurements in the Pseudo-Pole Coordinate Frame

Worldwide inertial navigation in the wander azimuth coordinate frame just discussed requires a digi-
tal computer. For an INS eq•ipped with an analog computer the pseudo-pole coordinate frame opens the
way for inertial navigation in the polar region. The Litton LJN-3 and LN-12 system operate fn this fashion.

The pseudo-pole frame (subscript *a', s. Fig. 7.4.4) can be looked upon as a special case of the wander
azimuth froi. Its z-axis is also aligned The normal to the reference ellipsoid and its x-, y-axes
are rotated with the convergnce angle a with respect to true north.

The pseudo-pole of this coordinate from is located at the geographic equator as shown in Fig. 7.4.4,
"which as compared to the navigational coordinate frame (OnO) is achieved by rotating its axes in a reversed
sequence of rotation with respect to the earth fixed coordinate from (Oe*); a first rotation about the
east-west axis through the angle u and a second rotation about the initial north-south ais through the
angle a. The corresponding transformation matrix from Wm to 'es is thus

• . • ,• r• • i • lllq l Itlapia - - ... .... , •
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Fig. 7.4.4 The Navigational and the Pseudo-Pole Coordinate Frames

(COS p -singa sin ui -Cos a sin M

iem 0 cos o -sin a (7.4.15)

Isin P sin C cos U cos 0 cos VJ

The rate of change of a and p is related to the velocities V xy in the following way:

V Vx
UC ;Cosa K (7.4.16a,b)

y -

whereby R ,. theoretically have to be computed with the aid of Eq. (2.16) for * replaced by a. in the LN-3
they are 94t constant.

The sum of earth rate

--s a sin s (7.4.17)
Q cos a sin pJ

and transport rate

Co ;sn IVX/R)tncs , (.x~ 7.4.18)

si 0 -'(V /Rx) tan J
is used for slewing the platform. How this is accomplished with only analog hardware is indicated in the

simplified block diagram of the LN-3 Schuler loops in Fig. 7.4.5.

The LN-3 system does not navigate in absolute coordinates (longitude and latitude) but in heading and
distance to preselected waypoints, whereby the heading is referenced to the so-called "grid heading 4
differing from the north-referenced heading by the wander azimuth angle a. The corresponding computation
is carried out in a separate analog computer, the so-called "position and homing indicator (PHI)" based on
the position increments Ao and AU from the LN-3 analog computer and the grid heading from the platform.

From Fig. 7.4.4 and Eqs. (7.4.17 and 18) it is obvious that the vertical slew rate is infinite at the
pseudo-pole. Since the initial meridian (pseudo equator) can be chosen freely, any crossing of the pseudo-
pole can be circumvented. For fighter aircraft this problem does not arise in general since their range
of operation is limited. Thus the LN-3 INS is designed for + 250 in a only, corresponding to a range of
+ 3000 km.

If the LN-3 system is used as a flight test reference system it is of interest to know the relation-
ships between the system velocity (Vx, ) and position (a,p) and the geographic velocity (VN r) and lati-
tude and longitude (pA). They may be erlved fr the fact that the pseudo-pole coordinate'ireme is a spe-
cial wander azimuth frame and we set equal the elements of 60 and in Eqs. (7.4.15) and (7.4.13). So
w find

"Sin - L Cos a sin 1V sina - Cosh sin 1A Cos a cosu cosP Cos AX (7.4.19)
sno - sinoa sin ii/coe.

Knowing a we obtain VNE with~ Eqs. (7.4.8) and (7.4.7),
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7.4.3 Navigation Based on Inertial Measurements in the Space-Stabilized Coordinate Frame

Inertial navigation systems with space-stabilized platforms are used for:

- space navigation

- terrestrial navigation when the platform is equipped with electrostatically supported gyros which are
not torqued in the navigation mode.

Figs. 7.4.6ab show two possible configurations for inertial navigation with a space-stabilized system.

The first configuration in Fig. 7.4.6a seems very simple on first sight. It is Implemented in the
Honeywell ESGN (electrically suspended gyro navigator) for marine application and the Honeywell GEANS
(gimballed ESG aircraft navigation system) [7.154.. The navigation is carried out in the inertial frame by
the double integration in the computer of:

d -f +G• (Gi)" 
(7.4.20)

Once RI is known it can be converted into the geodetic latitude 9c and c-lestial longitude A. For de-
riving tle corresponding relationships we transform the radius vector • in the navigational frame into
the Inercial frame Ri -in & with

cosop c 0 -sinp c

an -sinyc sin AA cos MA -cosypc sin AA (7.4.21)-in st c coc•

sinp Cos AA sin AA osP cos AA

Platform I Computer
A3- Acceleraniers IV,S-3 Gyros .

t from external atnlmet --

I
Platform Computer,

Fig. 7.4.6 Two Kinds of Inertial Ntavigation Using Space-Stabilized Platforms
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So we find the relationships for computing 'pc and &A as:11= [. J . R - sin (7.4.22)
!i- Rz - R °I c cosp, &A

The geographic latitude is derived from Eq. (2.11) and the geographic longitude from Eq. (7.2.8).

The difficulty of this first implementation lies in the exact modelling of the earth's mass attraction
G(R1 ) in Eq. (7.4.20) for which we find assumptions in [7.13], Chapter 4. Because of the instability of
The vertical channel, treated in Section 7.3.S and Chapter 8. the computation of G(Rt) is based on external
altitude.measurement. as indicated in Fig. .7.4.6.

In the second implementation of Fig. 7.4.6b the acceleration vector fj measured in the inertial frame

is transformed into the navigational frame via the transposition of Eq.-(7.4.2l).

Inertial navigation is then carried out in the conventional way (s. Fig. 7.3.4 ). This relationship does
not require the modelling of Gi (Ri).

The Autonetics ESGM (electrostatically suspended gyro monitor) for marine application works in this way

['.16].

7.4.4 Navigation Based on Inertial Measurements in the Body-Fixed Coordinate Frame (Strapdown Systems SS)

7.4.4.1 The Functioning of Strapdown Systems

In the preceding sections the functioning of inertial navigational systems with a gimbal-suspension

gyro-stabilized platform as an inertial measurement unit has been dealt with. There are also inertial navi-
gational systems available in which gyros and accelerometers are directly mounted to the vehicle, literally
strapped down to it.

Fig. 7.4.7 shows an inertial platform in comparison to a strapdown sensor block. The former is a design
of thie sixtis - showing the platform of the Litton LN-3A system suspended in four gimbal frames. The fi-
gure provides an idea of the complex mechanical set-up required for such a system. The mechanics of the
strapdown measurement unit (Steinheil Lear Siegler LBFK) are considerably simpler.

By comparing Fig. 7.4.8 with Fig. 7.2.1 we will try to come to an understanding of some characte-
ristics of strapowVn systems. In Fig. 7.4.8 one can see that the wind vane is now transfered
into the computer, i.e., the information of the north direction and the vertical is now no longer physi-
cally given in the platform as in Fig. 7.2.1, but analytically stored in a transformation matrix ýnb for the
transformation of a vector from the body-fixed "b" coordinate system into the "n" or navigational-coordi-
nate system. The part on the right of ýnb presents the structure of the navigational computation and in
this case is identical with that of the platfcrm system. The part left of It Is different. We see the sensors
directly mounted to the vehicle. The gyros are used for the direct measurement ot the vehicle's rotation

Sb of the body-fixed coordinate system with respect to tht inertial coordinate system. Contrary to the
p~atform system where they had to provide ýor its stabilization as null sensors, tliey are here equipped
with signal readout electronics similar to accelerometers, Their output signal is fed to the computer for
the integration of the transformation matrix based on the formula:

t n
inb(t) " inb(t°) + f 6nb(T) Qb(T) dT (7.4.23)

to

with (s. [7.26])

Ce1  C12  C1 3 '/ cosqccs4 slnesinecos* costsisncoso

I *costsin*i +sir*sln4,
inb C C2 2  C2 3  - cosesin* sinrsinesin* cosesiresinng (7.4.24a,b)

+cosecos* -sinocos*

C3 1  C3 2  C3 3  -sine sir~cose costcoss

where.0,e and are the roll, pitch and yaw angles of the aircraft and
¢ 0 " " 'z • n b

pxb (z 0 - b (7.4.25)

i'wy Ox 0b.i
The components of the ~matrix are derived from the body-fixed gyro output Wl and the Schuler feedback

win in the computer (s. Ffg. 7.4.8) according to:
nb lb in lb in (7.4.26)

i bn (.426

where wn is the sum~ of Eqs. (7.2.15) and (7.2.16).

Because of the similarity of the navigational computation including the Schuler feedback loops in Figs.' ~7.4.8 and 7.2.1 we maky conclude that in a stationary strapdown system the navigational errors will alsobe subject to oscillations of the Schuler period of 84.4 minutes and of a superposed 24-hour period as dis-

cussed in Section 7.3 for the platform system. We may also deduce from this similarity between platform
and strapdown systems that the same physical rules 'will hold for the latter one, i .e. especially the rule
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of thumb that a navigation accuracy of 1 km/h requires an angular rate measurement error in the order Jf
<0.01 /h(s. Eq. (7.3.11)) which also includes the "drift" of the signal processing in the computer. This
leaves an impression of the tight requirements put on the gyros and their readout.

In summary we may state that the transformation matrix Qib in a strapdown system without Schuler
feedback plays the sane role as the gyro-stabilized platform. Thus all mechanizations discussed in the pre-
vious sections for platform systems (inertial navigation and attitude and heading reference systems) are
in principle also possible in strapdown technique. The methods for the initial alignment of platform and
strapdown systems are equally very similar as will be shown in Section 7.6.

A literature survey on strapdown navigation technology covering the aspects of concepts, components,
analysis, error generation and propagation, data processing and reliability is presented in [7.17]. A com-
prehensive overview on strapdown theory and application is given in [7.18].

7.4.4.2 Advantages of St rapdown Systems

Figure 7.4.8 reveals one essential advantage of the strapdown system as compared to the gimballed plat-
form system: the inertial measurement unit provides additional measurement signals which are essential for
flight guidance, instrumentation, and especially for flight tests. Those are the body-fixed measured acce-
lerations and angular rates. The above mentioned information on the flight attitude, heading, the accele-
systems.

In the platform system the information on the reference coordinate frame stored in the gyros is mechani-
cally transferred to the accelerometers. In the strapdown system the gyros provide output signals on the
rate of change of the vehicle's attitude with respect to the inertial frame, which is used in the computer
for the calculation of the reference coordinate frame. This has disadvantages as regards the overall navi-
gation accuracy, but also essential advantages as regards the resolution of the attitude and attitude rate
information, the implementation of reliability and the flexibility of the use of strapdown systems.

Let us first have a lock at the reliability of inertial navigation in plattform and strapdown usage.
Platform systems now available on the market cen, for instance, no longer be operated if there is failure
of one gyro. The sensors still functioning on the platform can no longer be used for the navigation.

For a reliable inertial navigation three complete platform systems inclusive of computers are used.
This method is applied, for instance, by the airlines for meeting the requirements for Category III landing
(s. Fig. 7.4.3). The resulting increase in system reliability R, i.e. the probability of mission success,
can be estimated from Fig. 7.4.9.

In this diagram R is plotted over the ratio of mission time T divided by the .NTBF (mean time between
failure) T of one sensor for different set-ups of redundant configurations. According to experience the
MTBF of mechanical gyros is in the order of magnitude of:

10,000 h < T < 20,000 h. (7.4.27)

Fig. 7.4.9 is taken from [7.19] and is derived for the reliability of angular rate measurements with a
strapdown system. For a rough estimate we may use it also for reliability aspects of gyro stabilization.

Although the reliability of a system having three independent platforms with failure identification
through comparison is better than that of a single platform (e.g. a doubling of mission time for R - 90 %),
it is less than that of a platfurm with three sensors on each axis where the defective gyro can be found
by comparison and the remaining functioning gyros can be still be used. Note that the same number of gyros
is used in each case (three systems side by side or one system with three sensors on each axis), confirming
the general rule of system layout for reliability by whicn; it is more advantageous to implement redundancy
at the sensor level rather than at the system level.

In platform techniques one does not triple the number of sensors per measurement axis. The system would
become very complex and there are specific construction "bottlenecks" such as sliprings and torque motors
making this design impracticable.

This redundant sensor arrangement and their use for the increase in reliability can be implemented in
strapdown systems without loss in efficiency from the bottlenecks jsut mentioned.

Fig. 7.4.9 shows, however, another solution for strapdown systems which is still more advantageous and
cheaper - sensors are oriented with their measurement axes normal to the planes of a dodecahedron. The
included angle between any adjacent pair of measurement axes is approximately 630. In the Strapdown Inertial
Reference Unit (SIRU) system described in [7.191 failure identification is still possible when two sensors
have failed, and failure discovery when three sensors have failed. The accuracy of SIRU is of course affectedif a sensor has failed; in comparison with that of a conventional system with three gyros in an orthogonal
arrangement, SIRU however still has the same system error if two sensors have failed; for all sensors ope-
rating, the system error is 30 per cent smaller.

The other advantage of strapdown as compared to platform techniques indicated above is illustrated by
the fact that one single strapdown incrtial measurement unit mounted, for instance, on the turret of a tank
can be used not only for precision pointing of a wapon but also for navigation. Corresponding concepts are
discussed in [7.20 and 7.21].
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Fig. 7.4.9 System Reliability as a Function of Operating Hours for Different Configurations 17.191

Summarizing we can state:

- In the field of avionics and flight test instrumentation one can predict as a future trend that one
strapdown measurement unit will be used for taking over the functions of the totality of gyro inIsT--u-
ments that are on board an aircraft today (rate gyro, vertical and heading reTirences and inertial
platforms).

- The high reliability required for flight guidance and navigation can be implemented in a more elegant
way in strapdown techniques than in platform techniques.

- Modular strapdown sensor units can easily be adapted to specific applications facilitating the record-
keeping for the ground instruments and the spare parts as well'as the maintanance of the systems.

- In terms of cost of acquisition and maintanance, strapdown systems will certainly be superior to the
platform systems.

This will not mean that inertial platforms will no longer be used. In the near future they will certain-
ly remain superior to strapdown systems as far as their accuracy is concerned. Problems affecting the
strapdown system accuracy are discussed in Chapter 3 with regard to sensors and will be discussed in the
next few sections with regard to the computer.
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7.4.4.3 The Strapdown Computer
In the discussion of strapdown computer algorithes we have to concentrate on the computation of the

transformation matrix jnb only and on the transformation of the acceleration vector from the body-fixed
frame to the navigational frame

-f ' 6b .4 (7.4.28)

For the remaining computation in an inertial navigation or attitude and heading reference system (AHRS)
the reader is referred to the previous sections describing the same problems for platform application.

The highly accurate sensor readout is done in increments as described in Chapter 4, with each pulse coming
from the reset counters of the accelerometers as a velocity increment tAv (< I mm/s) and coming from the reset
counters of the gyros as an angle increment A#(_< 3 arc sec).

The transformation matrix jnb is updated from the gyro measurements and the Schuler feedback (s. Eqs.
(7.4.24) to (7.4.26) and Fig. 7.4.8) and the corresponding accuracy requirements are described by the fol-
lowing facts:

- the unit vectors of the n-coordinate frame after transturvotion from the b coordinate frame must re-

main orthogonal

- the unit vectors must keep their unity length, i.e. jnb must remain normal

- the drift of inb must be lower than the gyro drift.

There are several choices for the inb-updating, described more in detail in [7.18] and [7.22] to' [7.25]
and briefly summarized below.

7.4.4.3.1 The Direction Cosine Update

The direction cosine update is carried out according to the numerical integration of Eqs. (7.4.23) to
(7.4.26). Only three of the nine elements Cij (ij = 1.2,3) of the Cnb matrix can be computed independent-
ly from the three measurements. The remaining six equations are derived from the condition of normality:

2 2  (7.4.29a)
Cii C12  i3

or

2 + 2 + 2-1 ( 7.4.2b)

with i - 1,2,3

and the condition of orthogonality, when the product of two unit vectors vanishes:

Co l C1C + C12 CJ2 + C13 CJ3  0 (7.4.30a)
+ or

Clt ClJ + C21 C2 J + C3 i C3 J - 0 (7.4.30b)

with i - 1,2,3 and j - 1,2,3 but i i J.

The following relationship is equivalent with Eq. (7.4.30):

Cij. -Aij (7.4.30c)

with Atj - cofactor.

The direction cosine update thus always gives an orthogonal and normal matrix, briefly called an ortho-
normal matrix. The computational burden is higher as compared to the quaternions mentioned below (s. [7.18]
and [7.22] to [7.25]).

7.4.4.3.2 The Euler Angle Update

SThe rela~tionshps between the rate of chanje of the vehicle's roll (4). pitch (e) and yaw (*) angles and
the body fixed angular rates ux,y,z are (s. 17.26]):

m JCOS -s:n$ m 
(7.4.31a,b,c)

stn#/cosE) Cos$/co: IYJ

These differential equations can be integrated at high speed in the computer and the transformation ma-
trix jnb assembled according to Eq. (7.4.24b) jtust prior to the transformation of the acceleration.

This three parameter transformation matrix update always results in an orthogonal matrix but has a sin-
gularity at 0 - + 900 (s. Eq. (7.4.31)) comparable to 'gimbal lock" of a three-gimbal platform (s. Section
[.271.

• ll1
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7.4.4.3.3 The Quaternion Update Algorithes

This procedure is most widely used in present strapdown systems and will be discussed more in detail
based on [7.18] and U.221 to [7I.2q .

The orientation of a coordinate frame (subscript n) with respect to a reference frame (subscript b) can
be uniquely described by one rotation through an angle 6 about one axis defined with respect to the refe-
rence frame through the thFee direction cosines, i.e. through I coordinates of its three unit vectors
(s. Fig. 7.4.10)..

z n• Zb

!z

A
In

Fig. 7.4.10 Illustration of The Parameters Describing Quaternions

These four parameters are comprised in the four quaternion elements

qo " cos 6/2

q, - cos a sin 6/2

q2 cos 1 sin 6/2

q3 - cos y sin 6/2. (7.4.32a to d)

The quatarnion _' is written as a one dimensional matrix
_q' - (qo T . (qo q, q2  q3 )T (7.4.33)

i.e., as a combination of a scalar qo and a vector I with the orthogonal components q1, 2 3  Such a combi-
nation will be marked also in the following by a pr me.

From Eq. (7.4.32) it is obvious that a meaningful set of quaternion elaients has to satisfy the condi-

tion of normality, the so-called norm N(S) being:
S~3

N(q_),, E q2.1. (7.4.34)

The transformation matrix 6b is composed of the quaternion elements in the following way
(2 2 2 2

(qo + q q 2 q 3  2(q, , q 2 - qo q3 ) 2(q, " q3 +q " q2)
2 +2 _2 2 (..52 2 2 2

2(q, q3 - q, q2 ) 2(q • q,+q 2 + q3 ) (q + q3- ql" q J)
The quaternion update is based on the differential equation:

A*(t) - 9(t) t,(t)/2. (7.4.36)

which is programmed in the computer as:
_q'(t) g(t-Ts) xI(t). (7.4.37)

where
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qg "qo - q 3  -q2  17.4.38)
qq2 -q3  qo -ql

q3 "q2  ql qoJ

W (0 W) (0 y T (7.4.39)

and

X(t) - (X0(t) x(t))T (Xo(t) X1 (t) X2 (t) X3 (t))T. (7.4.40)

The components of X' are derived from the angular inc.ments M(t) delivered by the gyros and the Schu-

ler-feedback (s. Eq. (7.4.26)) for the time increment from t-Ts to t.t T

h(t) - I-Ts !(t) dT - (&x M y •Z)T (7.4.41)

Different approximations for X are derived in [7.22] to [7.25]:
x'(tM (Xo(t) ix(t) )T

( I (t) )T ist approximation

+ (IM__(t)I 0 )T 2nd approximation

+ (0 1ljlj (t)iM(t)

+f M(t-Ts)x M(t))T 3id approximation. (7.4.42)

The first approximation needs no further comnt, the second approximation gives a correction to the
scalar part of f and the third appoximation to the vector part including the angle increment of the pre-
vious cycle.

The quaternion always results in an orthogonal transformation matrix but requires normalization due to
numerical errors. This can be carried out at a much lower rate, for instance every 10th update cycle based
on the following equations (s. [7.22] to [7.25]):

q qod/ (N(q))l/ 2 . (7.4.43)

Based on Eqs. (7.4.24a,b) and (7.4.35) the Euler angles are computed as follows:

1 C3 2  -1 2(q0 q, + q2 q3 )

* tan -.C ~tan 2

"" _C3 1  -t 1  2(ql q3 - qo q2 )tan-11CI• tan-1. q)~/
[1-4(q1 q3 qo

C21 2(qo q3 + ql q 2)(..4ab)

*tan- t- .tan- 0 (7.4.44a~b.c)
qo 3

For the initialization of Eq. (7.4.37) based on known elements of 6nb or kiown Euler angles the follow-
Aing relationships can be used:

• ~qo 7' (1 + ll + 22 + C 3 1/2

Sq, (C32 - C23)/(4 qo0)

Sq2 (C13 -C31)/(4 qo0)

q 3  (C21 - C12)/(4 q ) (7.4.45a*td)

These equations have a singularity for q - 0, i.e. for the strapdown system pointing south (* - 180o).A more general strategy for initialization Iltthout constraints is presented in [7.28].

7.4.4.3.4 Errors in the Computation of the Transformation Matrix

Errors in the computation of the transformation matrix are caused

by the drift of the gyros or the errors in the Schuler feedback signals
by the so-called pseudocontng error
y comlputational errors in the computer.

A4
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Since in a strapdown system the gyro axes are body-fixed, the effects of gyro drift differ considerably
as compared to platform systms. When the aircraft changes its heading the gyro drift builds up an error
angle in a different direction and its overall effect on system performance is reduced.

We will see in a following section that the requirements for the strapdown accelerometers as compared i
to platform accelerometers are more stringent in a manouvering aircraft.

For understanding the pseudoconing error let us first have a look at the kinematics of the coning motion
shown in Fig. 7.4.11. We assume the x and y axes of the strapdoem inertial measurement unit (IMJ) to be
horizontal and -carry out angular vibrations of

"WX - a sin t -i

Wy - A n sin (a t+) (7.4.46a.b)

with 4 and 4 being the roll and pitch angular rates (s. Eqs. (7.4.31&,b)). If the yaw rate 4 of the INU re-
mains zero in the mean

-0. (7.4.47)

the vertical gyro will measure a mean angular rate of
n-½ I sin,9 (7.48

a~zsifl~tm4

wya pgcosptme

@ , up- for*- --

Fig. 7.4.11 The Coning Motion

Frm this we may deduce that a pseudoconing drift can arise:

- if the phase of a two-axes angular vibration is not correctly detected, e.g. due to bandwidth limi-
tation of the sensors, of the signal readout or of the quaternion update process

- if a single-axis angular vibration is erronously measured as a two-axes measurement, e.g. due to the
angular acceleration sensitive drift of mechanical gyros (s. Tables 3.2.1b and 3.2.2b)

- if the sequence of processing of a two axis angular vibration io the computer is not correct, thus
causing a phase shift.

The first may be present in inertial navigation systems emloying laser gyros with mechanical dither
lock-in compensation. In the Honeywell laser INS this is taken care of by a special coning electronics.

The latter is called "commtation errorw which gives us a keyword for the computational errors in the
computer, mentioned above. They are caused by the fact that the transformation matrix update algorithies
are solved in the digital comuter sequentially and in quantized increments. This approxdmation to a con-
tinuous process rslsin the following errors (s. [7.18] and [7.22] to [7.251):

- the coinetation errors (s. above)
- the numerical integration errors
- the round-off errors

- the quantization errors.

The numerial n ration errors arise from the fact that the differnileuto 7..)foth
quaternos rn nce, hving time varying 9(t) and w'(t) is approximated by a dif erence equation

/ t
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with Q (t-AT) taken at the beginning of the interval and X' the angular increments provided by the gyros

to D.253,eora instance. Table 7.4.1 summrizes the results for algorithm drift and computer load whitch

indfcate that it is advantageous to use the 3rd order algorithms. To further increase the order of numeri-

cal integration algorithms does not bring about any reward because the improvements get lost in in theroundoff errors...

Quaternion update approximation (s. Eq. (7.4.42)) 2 nd 3rd

Drift for constant input rate w and update 1 13 3 1 ,,5
frequency f Z r

Required update frequency [Hz] for 0.1 0/h
drift and 1 rad/s input rate 415 293 8

Number of additions and subtractions 24 30 45

Number of multiplications 24 31 52

Program memory (15 bit words) 415 447 540

Computing time [ms] per update1 ) 0.55 0.64 0.88

Computer load [%] including velocity transformation 26 22 4
at 50 Hz1.2)

1) Honeywell DDP-516 comouter

2) Conversion of quaternion to transformation matrix requires 0.42 ms and the velocity increments trans-
formation 0.27 ms.

Table 7.4.1 Algorithm Drift and Computer Load for Quaternion Update 2 ) (s. [7.221 to [7.24])

Since the quaternion update does not yet include the computation of the transformation matrix and the
transformation of the velocity increments, additional computer time has to be added as mentioned in the
footnote of Table 7.4.1. It is taken into account in the last row of the table.

The roundoff errors are similar to the errors arising in analog-to-digital (AOC) conversion plus sub-
sequent-fntegration (s. Section 4.3). There is only one difference. The ADC output has to be multiplied

with the sampling interval T5 for proper scaling so that the adder's output A# corresponds to the integral
of wI. In the present case the integration process is already carried out within the gyros and the trans-

formation update Is a mere summation in principle. The roundoff error standard deviation o(Cij) of the

transformation matrix elements obeys the following relationship:

O(C oh LSo (t/Ts)e /2. (7.4.49)

The quantization errors have already been discussed in Section 4.3. They are the stochastic errors in
an integrator -fe-d -y the output of a vol tage- to- frequency converter (VFC) or pulse-rebelance-loop (PRL) as

shown in Figs. 4.2.2 and 4.2.3. The errors are due to the fact that the angular increments as for updating
the transformation matrix are processed in the computer in integer fractions of one pulse aP (s. Eq. (4.2.4)).
In the angular increment bf the info mation on this pulse iPis not lost, but delayed by one sampling time
increment. The corresponding noise 's independent of time and sampling interval. It depends only on the
layout of the VFC or PRL of mechanical gyros or on the scale factor (i.e. the perimeter) of the laser gyro,
respectively.

The errors just discussedtheir dependence on certain system parameters and countermeasures for their

minimization are summarized in Fig. 7.4.12.

All errors depend on the angular increment 6, I.e., for a given dynamic environment of the vehicle,on
the update cycle Ts as indicated in Fig. 7.4.12. The update frequency I/Ts is 50 to 100 Hz in the strapdown
systems available at present. In addition to the update cycle, the wordlength in the computer - double
precision required in general in a 16 bit 17.18J - and the choice of the update algorithm (s. Eq.
(7.4.42)) also affect the update accuracy.

7.4.4.3.5 The Transformation of the Velocity Increments

Exact inertial navigation requires the continous transformation of the body-fixed acceleration
slqnal fh into the navigational frame and the continuous correction of Coriolis acceleration prior to the

first integration indicated in Fig. 7.4.8.

In the strapdown computer ±b is integrated during the sampling interval Ts

ilvb(t) f (T) dr (7.4.50)

t-Ts

and the velocity incrmonts only are transformed into the navigational frame:

f A.ZOWt' inb(t) AWO't) (7.4.51)
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Fig. 7.4.12 Qualitative Plot of the Computational Errors in a Strapdown Computer and their Dependence on the
Integration Algorithms and Computer Parameters (note: absolute values on scales are function of
Input dynamics)

take into account that the continuous integration of AV.(t) when solved by partial integration

t t t

,•(t) - s fn(d) d 5 dr -nb(t) 44(t) - f snb dT' I fb(T) dT
t-fT t T  

tTs t-T

(7.4.52)

contains also the changes of ng and !b during the sampling interval T5. The second approximation of the
velocity increments reads accordingly:

Avn(t) -nb(t) (I - ½ N) ab, (7.4.53)

where A Ts i% the skew symmetric apgle increment matrix according to Eq. (7.4.25). The second approxi-
mation gives thus an improvement of 10" g if the angular rate is I rad/s the acceleration is I g and thesampling frequency is 50 Hz. It is shown in [7.231 that this approximation meets the accuracy requirements

ofstrepdown systems,

7.4.4.3.6 Acceleration and Angular Rate Extraction for the Purpose of Aircraft Control and Flight Tests

If the inertial sensor is equipped with an analog rebalance loop with subsequent voltage-to-freauency
conversion for generating the velocity or angle increments, the acceleration and angular rate can be takenfrom the analog signal. Before digitizing and sampling this signal, the high bandwidth has to be limited
according to the sampling theorem, preferably by using Butterworth filters (s. Section 4.4). If the iner-
tial sensor is equipped with a pu se-rebalance loop or if laser gyros are used, which both deliver the
measurement in pulses, the rate extraction has to be done digitally. The simple computation

9(nTS) - TL AV(nTs) or w(nTs) - -L bo(nTs) (7.4.54)

may be very noisy (s. Sections 4.2.3 and 4.2.4). For noise suppression Eq. (4.4.16) may be used, which is
equivalent to a series of two first order lags (s. Eq. (4.4.15)).

In the Honeywell laser inertial reference system the acceleration is tapped before the voltage-to-fre-
quency conversion and subsequently filtered with a Butterworth filter of

F(s). 1
I + 0.028s + O.;004s,

limiting the bandwidth (-3dB) to 8 Hz. The laser gyro pulses are filtered with a digitally mechanized first
order lag so that the bandwidth is 5 Hz.

7.4.4.4 Practical Aspects of Strapdown System Integration - the Experimental Strapdown System of OFVLR (NOSY)
The functional diagram of a strapdown system including information on the various requirements for sen-sor readout, error compensation and computation as- discussed in the different sections of this book is pre-

sented in Fig. 7.4. 13 The ranges of the frequencies mentioned there are taken from existing straodowm
systems, for example, the Honeywell and the Litton strapdown inertial reference systems employing ring lasergyros as shown in Fig. 7.4.14. Tables 7.4.2 and 7.7.1b sumiarize more details on these systems.
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Gyro Triad Accelemter Tried
(s. Chapters3 and 4) (s. Chaptars3 and 4);
pulse width pulse width

OP < 3 arc sec AvP < 0.05 cm/s

Coensation of 1):
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to RLG-dither (10 kHz)
bias (RLG, MG) bias.
temperature effects (RLG, MG) temperature effect. 50 to

imisalignment (RLG, MG) Islim•nt of 50Hz
scale factor error (RLG, MG) pickoff and pendulum
g-sensitive drift (MG) axis
anisoinertia drift (G scale faLtor error etc.
psetidoconing drift (NGI (s. Section 3.6)
motor hunting drift (1 etc.(s. Section 3.2 and .5

50 to
Angular Rate Quaternion Acceleration 150 Hz
Extraction Integration Extraction

I(S. Section 7.4.4.3.6) (s. Eq. (7.4.42)) ts. Section 7.4.4.3.6)

Direction Cosine Velocity 25 to
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IComputation 100 Hz
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Earth Rate.IAi ~ Nav iondkt O")

(s. Section 7.6) a. 7.4
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Angular Rate W Attttude, Heading Vvelocity
Position Accele-

Fig. 7.4.13 Functional Diagram of a Strapdown Inertial Reference System



I SO

VI

alS

I [ a) Honeyw~ell Laser Inert~ial System , .

b) Litton Laser Inertial System

FI

Ftq. 7.4.14 The Itoe•w11 .,W the Litton Inertial Reference Systems

H~zV



f 151

T a s k Execution Rate (Hz) Words Required % Duty Cycle

Executive 256 400 2

Fast Instrument Compensation 256 150 14

Medium Instrument Compensation 128 200 6

Quaternion Integration 128 300 15

Direction Cosines 64 300 5

Attitude/Velocity Transform 64 350 5.5

Dits 128 400 3

Vehicle Rates 16 550 5

Navigation (Fast) 8 100 2

Navigation (Medium) 2 600 ).5

Navigation (Slow) 3 350 0.5

Mode Controller 1 1650 1

Sell Test .2 1050 2

Math Library 400

Data Base - 1500 -

TOTALS 6800 RON M) 61.5
1500 RAM

Table 7.4.2 Operational Software Task Budgets in the Litton LTN-80 Strapdown System Computer

The coning motion effect compensation due to the mechanical dither of the ring laser gyros as mentioned
in Fig. 7.4.13 is taken care of by means of special microprocessor circuits in the Honeywell s 'tem. They

su, up and down,at very high frequencythe cross product of corresponding gyro readings and release the netresults for compensation.

The motor hunting drift compensation is not based on the modelling of Fig. 3.2.8; if the rotor spin speed
with respect to the case can be measured, any deviation from a nominal value can be corrected with a corre-
sponding correction of the gyro scale factor.

The computation of the other error terms is straightforward, once the coefficients of the error models
(s. Tables 3.2.1 and 3.2.2) are known.

For futt~re research in the field of inertial strapdown technology DFVLR has developed in cooperation

with the Technical University of Braunschweig &n Experimental Strapdown System (NOSY), shown in Fig. 7.4.15
and described mrc! in detail in [7.29]. It consists of an inertial measurement (IMU) employing inteirichange-
able sensor moduies each including temperature control and binary pulse width modulation readout electro-
nics (s. Section 4.1.4). The accelerometers are of the type Litef B-250 and the gyros Hamilton Standard
RT-1010.

The strapdown computer consists of multiple LSI-11/2 micro computers. A very flexible laboratory inter-
face iystem - CAMAC developed by European Atomic Research Centers - assures the coemunication between the
micrrcomputers, the IMU and external sensors.

The supervision of tie proper function of the sensor modules is shared by the micro computer system and

the sensor control and alarm unit (SCA). A plausibility and bit-error check is made in the first computer
which interfaces the sensor modules via up-down counters. After detecting a hardwayeerror an alarm can be
messaged to the computer control and display unit (CCO) and from there to the SCA which generates an automatic
gyro motor power supply shut off. This control loop covers the most important failures within the senscr
itself and the electronic rebalance circuitry.

(All frequencies in the MOSY system are generated in a Central Timi Base (CTB) Unit from a temperature-
controlled 10 MHz quartz-generator with a frequency stability of 10-'.

For command and display purposes a Computer Control Display (CCD) was developed. It not only allows forthe quicklook of information from NOSY but also for feeding information into the computer via a keyboard.

Test results of the system are presented in Chapter 9.

7.4.4.5 Simulation Results of a Strapdown System in a Benign and in a Highly Dynamic Environment

Programs for simulating a strapdown system are very effective tools for obtaining An insight into
the contribution of different sensor and algorithmn errors to system performance. Such complex programs have
been developed during the past few years at DFVLR. This section gives the summary of some simulation re-

ROM = Read Only Memory
1. RAM = •andoW Acciss Memory ---No
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Fig. 7.4.15 The DFVLR Modular Experimental Strapdown System (NOSY)
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sults [7.30] of the strapdown system position errors developed during a simulated flight time of 2600 s:

- on a stralght flight of a transport aircraft (TA) flying at 540 km/h towards the west including take-off
arnd a 360 turn after 1500 s (maximum take-off acceleration 3 m/s' maximum yaw rate 2 °/s and roll
rate 6 °/s, maximum roll acceleration 6 °/s ) and

- on a highly dynamic flight of a remotely piloted vehicle (RPV) flying at 990 km/h towards the east for adistance of 280 km including take-off and landing at the starting point 2and several maneuvers in yaw,
pitcha ro1l and terrain following (nximum take-Off Acceleration 50 m/s , maximum yaw rate 4 O/s and

roll rate 200 e/s, maximum roll acceleration 660 O/s ).

Table 7.4.3 gives a summary of all error contributors, whereby several errors-were combined in groups.
The numerical values are fairly small and they should be understood as la-residual errors after compensa-
tion.

Table 7.4.4 summarizes some characteristics of the strapdown system and Fig. 7.4.16 the simulation re-
sults.

Number Error Source Numerical Value

1 algorithm

2 azimuth misalignment 3.4 arc min

3 gyro fixed drift 0.01 °/h

4 gyro g-dependent drifts

unbalance 0.02 0 /h/g
anisoelasticity 0.03 0/h/g 2

5 gyro w-dependent drifts

axes misalignment 6 arc sec

fixed scale factor error 3.10-5

asymmetry scale factor error 3.10-6

quadratic nonlinearity scale
factor error 6,10-4 °/h/(°/s)2

angular acceleration drift 0.04 °/h/(0/s 2 )

anisoinertia drift 0.4 °/h/(°/s)
2

6 accelerometer bias 10g4 g

7 additional accelerometer errors

misalIgnment 6 arc sec
fixed scale factor error 10"5

asymmetry scale factor error 10"5

quadratic nonlinearity scale g 1

factor error 10-5

cubic nonlinearity scale factor Table 7.4.3 Smmary of the Residual
error 106 g 2  Sensor Errors of Strapdown

cross coupling 10-5 g-1 System Simulation

Transformation matrix computation

algorithm quaternion 3 rd order

update frequency 100 Hz

normalization frequency 5 Hz

velocity transformation

algorithm 3 rd order
frequency 20 Hz

angular pulse weight 0.9 arc sec

velocity pulse weight 1.85.103 m/s Table 7.4.4 Characteristics of the
Simulated Strapdowl System

navigation computation frequency 20 Hz

" " I l ii.l i l i~ I ...
I .. ."a

.-
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Fig. 7.4.16 Simulation Results for a Strapdown System in Two Different Types of Aircraft

In the benign environment of the transport plane the accelerometer biases are the main error contribu-
tors. If the aircraft heading during the self alignment mode differs from the heading during the subse-
quent flight, which in general is the case, the equilibrium at the end of the alignment mode is disturbed
leaving a constant acceleration error of uo 'I twice the amwount of the bias (s. Section 7.5). In this re-
spect the error growth of the strapdown ! .;.wa differs considerably from that of the platform system. This
is not the case for the effect of constant gyro drift in straight flight; the strapdown and platform system
performances are alike in this respect.

The azimuth misalignment primarily causes the cross-track error (s. Section 7.3.2), i.e., for the wester-
ly flying transport plane a position error in the north-west channel. The algorithm error is negligible.

In the highly dynamic environment of the remotely piloted vehicle (RPV) the pseudoconing error, i.e.
the gyro drift due to angular acceleration (s. Section 7.4.4.3.4 and Tables 3.2.1 and 3.2.2), is domi-
nant. Because of the RPV's return to the starting point other errors are smaller than in the first case,
such as the errors due to acceleromuter bias and due to gyro drift. The algorithm errors are still negli-
gible as compared to the sensor errors, but are approximately 8 times the amount in the benign environment
of the transport case.

7.5 The Linearized Error Dynamics of Inertial Navigation Sys:ems

In the previous sections we have become familiar with several inertial navigation systems, differing in
the mechanization of the reference coordinate frames in which the accelerometers carry out their measurements.
They all have in common the generation of information on the aircraft's, attitude and heading, ground speed
and position with respect to the geographic coordinate frame.

In this section we will briefly discuss the linearized error dynamics of all systems, which is the basis
for modelling it in a Kalman filter.

The two vector equations for the Trror dynamics are derived in 7.13J and L7.31], for instance. They
describe firstly the rate of change E of the computed navigational coordinate frame's misalignment with
respect to the true coordinate frame about the north, east and down axes (s. Eqs. (7.3.23a,b,c) for the
north indicating system):

in + 6Win + nr + D (7.5.1)

in -E x + i nr R.
with the effects of: tt

earth rate plus trans- erroneous Schuler erroneous slewing gyro drift
rt rate on misaligned feedback (feedback about vertical

system or p tform ®D in Fl s. 7.2.1 axis in wanderfeedback $ in Figs. and 7.3.4 azimuth mechani-.2.1 and 7.3.4) zation

- -v

: . .. .
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Secondly they describe the acceleration error 54v- in the north and east axes (s. Eqs. (7.3.23d,e) for
the north indicating system):

_v" • xj~ -+ + (I - x) nrj

with the ef'fects ofttt

acceleration measured in erroneous Coriolis deflection of the accelerometer error
misaligned system or acceleration com- vertical (s. Fig. including the effect
platform ensatIon (feedback 2.4) of correlated misalign-

(W it, Figs. 7.2.1 ment and accelerometer
and 7.3.4) error (sculling in

strapdown systems)

(7.5.2)

This confirms that Eq. (7.4.23) may serve as a basis for modelling the error dynamics of any iner-
tial navigation system in a Kalman filter, the only difference lying in. the modelling of the sensor errors,
which act in the north, east and down axes via the transformation matrix inr"

"For the north indicating systems (NIS): 
(7.5.3)

inr = b

as can be seen from Eq. (7.4.23).

For the wander azimuth inertial navigation systems

Eqinr= Cna, (7.5.4)

(s. Eq. (7.4.8)) with thewander azimuth angle a derived from Eq. (7.4.4) for the Litton systems and fromS • Eq. (7.4.5) plus I RPM for the Delco Carousel IV systems.

For the pseudo-pole inertial navigation systems, Eq. (7.5.4) is also valid. The wander azimuth a has to
be computed from Eq. (7.4.19), which can be simplified for small angles 11.

For the inertial navigation systems with space-stabilized platform

inr z-ni (7.5.5)

(s. Eq. (7.4.21)).

And finally for the strapdown systems we have the effect of the sensor errors in the north, east and
down directions changing with the aircraft manouvers

Sinr ' inb (7.5.6)

(s. Eq. (7.4.24)). The strapdown system errors are thus comparable to the errors of a north indicating

platfom system in a straight flight and benign environment, but they differ considerably from it if the
aircraft is manouvering (s. Section 7.4.4.5). It is an advantage that in the latter case the gyro drift
also changes its direction, but it is a disadvantage that the equilibrium at the end of the self-align-
ment mode (s. Eqs. (7.6.2a to c)) between east-west gyro drift and azimuth misalignment as well as between
horizontal misalignments and accelerometer biases is disturbed. After a change of 1800 in yaw angle these
sensor biases drive the system error with twice their steady state amount. This indicates that very tight
requirements need to be set up for not only the strapdown nyros but also the accelerometer.

7.6 Self-Alignment of Platform and Strapdown Systems

7.6.1 Introduction

The initial self-alignment loop or gyrocompassing loop of a stationary inertial platform is in principle
the electronic equivalent of a mechanical gyrocompass mentioned in Section 7.1.

In the following we will briefly review the principles of the gyrocompassing loop of an inertial plat-
form and the accuracy achievable for the initial alignment.

A second method for the alignment and calibration of platform and strapdown system will also be described -

an open loop estimation procedure for azimuth misalignment and north gyro drift - which has the advantage
of

- resulting in simple formulas for the covariance and the estimation gain of the two state vector elements,
- being easily prograimable,
- speeding up the alignment time. - becoming increasingly insensitive to vehicle sway with estimation

time.

7.6.2 The Gyrocompassing Loop of an Inertial Platform

I •gyro with nearly horizontal spin axis. The sensor can move freely with respect to the base. Once disturbed
Fig. 7.6.1 shows in principle the mechanical gyrocompass consisting of a pendulous two-degree-of-freedom

from its equilibrium, namely true north, it will oscillate i.a an elliptic cone about this equilibrium or
will align itself with true north If it is damped as indicated in this figure.

'I mm .. .. 'i m .. .- ,• .I_
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Fig. 7.6.3 Simplified Block Diagram of the Gyrocompassling and the Nirth Levelling Loops for an InertialJ Platform



Fig. 7.6.2 indicates how the mechanical gyrocompass is implemented electronically. The pendulosity of Fiq.
7.6.17Visreplaced by an accelerometer whose input axis is aligned with the spin axis and whose output signal
is fed via the gain -KOH to the horizontal torquer for raising the frequency and via he gain -KEN to the
vertical torquer for raising the damping of the sensor's oscillation.

We find the same interconnections in the simplified gyrocompassing loop of an inertial platform whose
block diagram is shown in the lower half of Fig. 7.6.3. The output of the north-south accelerometer NA
causes a platform rotation c0 o about the east-west and down axes via the gains -KE and -KO. The upper halfof the block diagram shows t 6-levelling loop for the north-south axis.

One of the simplifications in this diagram concerns the model of the free platform (s. Fig. 7.3.4)

which has been reduced to the coupling of the vertical misallgnments co into the east-west axis via the
horizontal component of earth rate IF - 0cosp. The coupling between the horizontal axes via the vertical
component Qs - Rsirkp of earth rate has been neglected, which is acceptable since the horizontal misalign-
ment angles ENE are smaller than the azimuthal misalignment c€.

7.6.3 Platform Equilibrium and Sensor Calibration at the End of the Alignment Process

From the block diagram in Fig. 7.6.3 one can easily derive the following relationships for the equili-
.I brium of the platform at the end of the alignment process when the inputs to the integrators are zero:

for ideally compensated sensors, i.e. no accelerometer biases (BNE = 0) and no gyro drifts (DN,E,o = 0)
the platform will be ideally aligned with the vertical and true nor h:

EN,ED ' 0; (7.6.1)

-for non-ideally compensated accelerometer biases (BNE 0 0) no distinction can be made in the
output signals of the accelerometer between bias and corresponding constant horizontal misalignment
angles of the platform. i.e. the accelerometer bias cannot be measured during or at the end of the
alignment process, but is compensated by the horizontal platform tilt:

0.1N,E =+ (= _. m rad - 20 arc sec for 8 10 g); (7.6.2c,b)

- for non-ideally compensated east-west gyro drift (DE # 0) no distinction can be made at the input
of the east-west gyro between its drift and the effect of vertical misalignment co, i.e. the east-
west gyro drift cannot be measured either during or at the end of the alignment process, but is com-
pensated by the azimuth misalignment:

c ~0o-= -DE/• (- 1 m rad - 3.4 arc min for DE - 1/100 /h and w - 450) (7.6.2c)

where f• - QCOSp ; I

- if in addition the north-south and the vertical gyros are corrupted by.the drift OND0. the horizontal
accelerometers furnish additional control offset signals at the end of the alignment process:

eN (BE + ON/KN) (7.6.2d)

cE - (BN ÷ DD/K). (7.6.2e)

Whilst the accelerometer biases E cannot be measured, the north-south and the vertical gyro drift
cause an output voltage of the horizontal accelerometers and thus can be measured.

The additional tilt due to DND, and thus the control offset voltage, can be reduced by setting the loop
gains KN 0 high or preferably by shunting the amplifiers of the levelling loops with an integrator as in-
dicated In Fis. 7.6.4 for the north-south gyro drift. In practice only this sensor error is compensated in
the manner shown. The vertical gyro drift can only be measured by means of the synchro mounted on the ver-
tical gimbdal axis, which requires the absence of any platform motion.

Eq. (7.6.2c) is applicable to all north-seeking methods with gyroscopic sensors. These methods are limi-
ted to 800 latitude, approximately (p < + 76.50 for Delco Carousel IV platform system). Note that only the
initial self-alignment of the INS is limited to this latitude; the actual navigation function can be per-
formed at all latitudes (s. Section 7.4).

If we choose the following gains in the gyrocompassing loop of Fig. 7.6.4:

KN - 1/(2gT)

KO (l gT'16 f) (7.6.3a,b~c)

and the gain of the shunt integrator in the levelling loop

K-K n1, (7.6.3d)

both loops - the north-south levelling loop and the gyrocompassing loop - have the same dynamics, namely i-
four equal roots with the time constant

T -2T a60 s (7.6.4)
(the figure was selected in laboratory tests [7.32)) and the problems of compensating the north-south ..

gyro drift and of vertical platform alignment are alike.(tefgr a eetdi aoaoytss[.2) adtepolm fcmestn h ot-ot
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We have not yet mentioned the vertical accelerometer. Its output signal.which should be gravity, can
certainly be used for calibration. For thl field-calibration of all sensor biases (DN j D and SN.E.D)
and scale factors (Si ' n for the gyros SA g . for the acceleromters) the gyrocompasI•Ag mode is carried
out several times wit te input axes of 04 Ahgyro once in the north and once in the south directions and
the input axes of each accelerometer once in the up and once in the down directions, which requires 9 orien-
tations of the platform. The sum and differences of the currents into the north or south gyro iNS and into
the up or down accelerometer iU, 0 are evaluated in the following way:

0 • -Sg(it+ is)/2 s - N -(i )/(2fc)

1 B - -( 1  + usa •( - ui)/(2g). (7.6.5ab~c.d)

7.6.4 The Gyrocompassing Loop in a Strapdown System

We now apply gyrocompassing to the initial alignment and sensor calibration of a strapdown system.
"Alignment" means initialization of the transformation matrix Gnb for transforming the body-fixeo measured
acceleration vector, i.e. the vector of the velocity increments Avb into the navigational frame AvA. The
corresponding block diagram is shown in Fig. 7.6.5.

The underlined signals in this block diagram have to be interpreted as vectors - as pulse train vectors
of the vehicle's velocity increments in the body frame (Ayb) and in the navigational f~me (Ayn) and simi-
larly as angular increments of the vehicle's motion with respect to i ortlal space ("_" u measured in the
body frame and as angular increments due to the sum of earth rate I and gyrocompassing plus northSlevelling feedback (Atj) transformed into the body fraem. The sum ofae11 angular increments just mentioned
updates the transformation matrix -jb.

It is quite obvious that in the strapdown system all sensor errors limiting the platform alignment accu-
racy (s. Eqs. (7.6.2ab,c)) and the north gyro drift calibration accuracy are composed of all body-fixed
sensor compor.:nts according to

Ii i- n b -b - - b " (7.6.6)

7.6.5 Coarse Alignment of the Strapdown System - Interplay of the Sensor Signals During the Alignment Process

Before starting gyrocompassing, the platform is in general levelled and magnetically aligned to true
north in order to speed up the procedure. With strapdown systems another coarse alignment procedure may be
utilized if the base is srationary. This coarse alignment procedure is based on the fact that the strapdown
IMU measures earth rate e and gravity Ib in the body frame which theoretically could be instantly used
to initialize the trans ormation matrix jnb by means of the following equations for the elements of the
transformation matrix _nb

SC3 . -f /g Cl -W/rc + C3 tan• + +

32 " 12 y' "Y/& + C 3C3 -f/g C /d + C tamp (7.6.7a to f)

The remaining equations for the missing three elements are found from the condition of orthogonality:

C21 . -C 12 C33 + C 13 C32

C2 2  C1 1 C3 3 - C1 3 C3 1

C2 3 - -C11 C32 + C1 2 C3 1 .

* This alignment procedure is recommended only for the "levelling" of strapdown systems using the
accelerometer output signals Ayb. The derivation of azimuth misalignment on a moving vehicle must be
based on the acceleration values LVn, which are "base motion isolated" via the inb matrix as shown in
Fig. 7.6.5, where the signals from-the gyros and the computer serve to update th~s matrix. The gyro signals
alone, even if everaged over a certain length of time, can hardly be used for the direct measurement of
azimuth misalignment because earth rate apd vehicle angular rate cannot be separated. Their use would be
comparable to the derivation of true north from the change of time of the synchro signals of a gyro sta-
bilized platform. For the sensitivity of this method to vehicle motions we can use the relationship between
azimuth misalignment and corresponding east-west gyro drift in Eq. (7.6.2c). Therefore it can be deduced
that even if the synchro signals of the platform or the gyro signals of a strapdown system were to be
evaluated over 1 hour for instance, a 10 steady state change of the vehicle's attitude in that time would
be interpreted as a 5 cha•ge in azimuthl

For fast coarse azimuth alignment external measurements (magnetic or optic) should be used, and the
procedure just described should be utilized for levelling only.

7.6.6 Considerations on the Alignment Time

The alignment time depends on the accuracy with which the horizontal misalignment angles and their slope
can be measured with the aid of the horizontal accelerometers. We have to remmber in this connection that
the vertical misalignment is based on the slope of the north-south accelerometer output signal according to

N/g "c 0cosp = 106/s for %- 450 and co 10. (7.6.8)

II



160

This is a very small signal, especially itf we bear In mind that CD should be less than I mradl

The measurement of the horizontal misalignment angles by means of the accelerometer output signals AV
is corrupted by E

- the quantization noise AvP- the bias and its stability

- the vehicle 
sway.

It is shown in L7.321 that the alignment with the gyrocompassing loop of Fig. 7.6.5 is fairly Insensitive
to the errors just mentioned as long as their autocorrelation time is much smaller than the integration
time of the gyrocompassing loop:

o f (7.6.9)
With a quantization noise of

wtp p 0.8 mm/s (7.6.10)

approximately 10 minutes were required in a stradown system to drive the azimuth misalignment from 30 to0 .20 when the 9yrocompassing procedure was used L7.321.

Speeding up the alignment requires a smaller Integration time and makes the loop more sensitive to the
errors mentioned above, especially to vehicle sway. We will sea In the next section that it is advisable
to use an open loop misalignment estimation procedure, which becomes fairly Insensitive to vehicle sway

7.6.7 The Open-Loop Azimuth Misalignment and North-South Gyro Drift Estimation Procedures

As preparation for the application of this procedure to the alignment of platform and strapdown systems
we simply open in Figs. 7.6.4 and 7.6.5 the loop of the shunt Integrator in the north-south channel and
the loop for the vertical alignment. At the same time we reduce the time constant of the levelling loops
to, for example, 0.1 of the value in the gyrocompassing mode. The torque signals for levelling the platform
(or the transformation matrix) are used as measurements for the estimation procedure after they have been
integrated up and divided by the elapsed time. The corresponding block diagram is shown in Fig. 7.6.6.
This measurement will be a signal for the mean torque rate.

IMU iIComputer

IN

Ivr Computer

Fig. 7.6.6 Block Diagram for the Levelling Loops of a S trapdo wn System De li er n Measure ments for the

Estim aton of Azimuth isal gnment and North 

Nrift

"9-"
Tr-dn o nt rIo --
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If measurements for the estimation procedure are taken in time increments greater than the longest pe-
riod of the base motion, we may neglect the modelling of the base motion as required in a Kalman filter
and assume that each measurement is a signal for the north-south gyro drift DM or the azimuth misalignment
c; o cosq, contaminated by noise dependent on sensor and readout quality andUbase motion dynamics.

In a fine levelling mode at the beginning of the procedure no measurement is taken, since for a step I
function as input the loop reaches its stationary output at t/r w 5, i.e. after approximately 30 s. The
measuring is then initiated and an estimation is carried out every TK - 30 s, for Instance.

The formulas for the estimation procedure with stationary measurements are easily derived from the Kal-
man filter algorithms. They are listed in Table 7.6.1.

State to be estimated: x - D or CD 0 cost

K kTK kTK

Measurement at time t - kT z(k)x+ v)1d 1 d +v(k)
UT o kT o

Measurement noise: 2
(yithao - quantization noise covariance and v(k) • N(o, oz(k)); oz(k) - o~

T lefelling loop sampling time)

Covariance of estimate
before measurement:
(with q = noise covariance 2' 2
of north and east drifts) ax (k) - o (k-1) + q

24
2 o'(k). _ 2(k)

after measurement: ox(k) -

x (k) + o'(k)

ox(lk)
Estimation gain: K(k) =

Estimates
before measurement: x'(k) ; x(k-1)

after measurement: x(k) - x1(k) + K(k) [z(k) - x'(k)]

Theoretical estimation accuracy limitations: a DN.- 0

ai OD /(Q COWCD.' 0E

Table 7.6.1 Recursive Formulas for the Estimation Procedure of Azimuth Nisalignment and North Drift

The states to be estimated (cD and.DN) are comprised in x. The measurement z is the output of the inte-
grators in Fig. 7.6.6 divided by the elapsed time, and the measurement noise, assumed to be quantization
noise, decreases correspondingly. The estimate covariance is represented by a very simple formula as is0
the estimation gain which decreases with elepsed time as expected. In Table 7.6.1 the theoretical estima-
tion accuracy limitations are mentioned, showing again that the physical limitations of any inertial north
seeking method cannot be surpassed by the estimation procedure (s. Eq. 7.6.2).

As compared to the gyrocompassing alignment discussed in the Section 7.6.6 the alignment with the open-
loop estimation procedure was approximately twice as fast when the following parameters were used [7.32J:

4 ~4 2ox(o) - 0.1 [rad] z - 3.2 10 [rad/s] q - 3.0 • 10. [rad2 /s]

TK . 30 s] Ts "T 1 *0.02 [s]

(7.6.11a to d)

With increasing estimation time it also became more and more insensitive to accelerometer noise, bias
instabilities and vehicle vibrations. This was not so much the merit of the optimal estimation algorithms
but of si nal conditioning in Fig. 7.6.6, i.e. the integration of the torquing signal and division by the
elapsed time. An analogy for this measurement improvement over elapsed time is the accelerometer readout
on a platform with no levelling loop and with earth rate compensation but having north gyro drift or azi-
muth misalignment. Both will drive the platform about the horizontal axes and the output of the accelero-
meters increases with time (s. Eq. (7.6.8)). The relative share of sensor disturbances and acceleration
noise will decrease with elapsed time also. The gyrocompassing loop remins constantly sensitive to acce-
lerometer bias instabilities and vehicle motions whose autocorrelation time is greater than the integration
time T' (s. Eq. (7.6.9)) of the corresponding loops in Figs. 7.6.4 and 7.6.5.

X
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7.7 Summary and Overview of Existing Inertial Navigation Systems

Inertial navigation systems (INS) render information on position, velocity, attitude and heading. They
are used not only for navigation but also for flight guidance and for flight testing (Section 7.1).

The functioning of platform systems with their accelerometers pointing north, east and down (north indi-

cating system NIS) and their error dynamics have been discussed (Sections 7.2 and 7.3).

The use of the NIS is limited to geographic latitudes below 900. Other inertial navigation system mecha-
nizations, especially with wander-azimuth platforms, allow worldwide navigation (Litton systems, Delco
systems) and offer additional advantages (Section 7.4.1 and 7.4.2).

Inertial navigation systems employing electrostatically supported gyros have space-stabilized platforms

(Section 7.4.3). Strapdown systems represent the new development in the field of inertial navigation and
flight testing (Section 7.4.4). Again the functioning and the advantages of all these systems are discussed.

The linearized error dynamics of all inertial navigation systems regardless of internal mechanization
but whose output signals are attitude and heading, groubd speed and position with respect to north, east
and down can be modelled in a Kalman filter in the same way, the only difference being in the driving
function of the sensor errors (Section 7.5).

The initial self-alignment mode of platform and strapdown systems, including the accuracy achievable is
discussed (Section 7.6).

Tables 7.7.1a and b summarize the characteristics of existing platform and strapdown systems.

No. P a r a m e t e r Manufactk r-*
Model No.

Delco Ferranti Litton SAGEN
Carousel IV FIN 1000 LTN-72 ULISS

Volume rlitresl/ Mass [kg]

1 inertial navig. unit 28.0/24.5 31.2/20.4 28.6/26.8 14.3/15

2 control display unit 2.3/ 1.77 2.7/ 1.8 2.6/ 2.3 2.9/ 3

3 mode selector unit 0.3/ 0.32 - 0.3/ 0.5 0.6/ 0.9

4 automatic data entry unit 0.8/ 1.6 0.13/0.15 -

5 battery unit 7.6/12.2 7.5/12.3 -

6 total 39.0/40.39 34.03/22.35 39.0/41.9 17.8/18.9

7 Power dissipation [Watts] 405 285 460 260

Sensors

8 gyro type RIG RIG OTG DTG

9 day to day C°/hl 0.05/0.0026 <0.01 <0.01

10 accelerometer type floated, fluid damped dry, flexure dry
flexure flexure sup- support
support port

11 acc. bias stability [g3 10"4  104 5.10"

Some Output Signals and their

Accuracq.

12 attitude 10] 0.2 0.15 RMS 0.2 0.05(1o)

13 heading [0] 0.4 0.15 RM1 0.4 0.08(lo)

14 ground speed [m/s] 1.0 1 (50 %)
15 position [n .,/h] <1.7 (95 <) 0.6 (50 ) 1 (50 %)

<0.7 (50)
16 vertical acceleration [g] 0.02 0.01 0.06(lo)

17 wind speed [kn] yes yes yes yes

18 wind angle [0] yes yes yes yes

19 Remarks on System Mechanization wander azi- north indi- wander azi- wander azimuth
muth, plat- cating muth, ONE
form rotation, platform or update
OW update wander azi-

muth (option)

STable 7.7.1a Suary of Some Characteristics for Existing Platform Inertial Navigation Systems

f
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1

No. P a r a m e t e r Manufacture
model No.

Litton Honeywell SAG1 TeledyneSLTN-90 HG 1050 MSD TOY-740A
Volume [lttres]/Weight [kp]

I Inertial reference unit /20.0 /20.9 8/7.5 28/20

2 inertial sensor display unit / 0.6 / 2.2 2.8/2.0
3 mode selector unit / 2.3
4 total /22.9 /23.1 8/7.5 30.8/22

5 Power dissipation [Watts] 90 131 70 200

Sensors

6 gyro type RLG. LG-8028A RLG,GG 1342 DTGGSD OTG,SOG-5
7 day to day drift [°/hl <0.05

8 accelerometer type A2 Sundstrand QA2000 A 310 Sundstrand QA1200
or Systron Donner or Systron Donner
4851 4841

9 acc. bias stability [q] 8.10"5 5.10"5

Some Output Signals and their
Accuracy

10 attitude [0] 0.1 0.1 0.3 0.03
11 heading [o( 0.4 0.4 0.3 0.3

12 ground speed [m/s] 4.0 4.9 4.1

13 position (n mi/h] 2 2 3 1.5

14 angular rate resolution O/s /
band width [Hz] 4.9.10"4/8 J.01/5 0.01/100

15 acce'aration resolution [gi/
band width [Hz] 2.3'105 /8 0.001/8 0.123/100a)

16 wind speed resolution [m/si/
band width [Hz] 0.5/3 0.3/2

17 wind angle resolution to]/
band width [Hz] 1/3 1.0/2

18 Remarks on System Mechanization wander azimuth wander azimuth wander azimuth

C)pulse weight and update frequency of angle increments in dogrees and velocity increments in a/s

Table 7.7.1b Suiary of Some Characteristics for Existing Strapdown Inertial Navigation Systems

I
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8. HYBRID INSTRUMENTATION SYSTEMS AND THEIR APPLICATION TO FLIGHT TESTING OF ONBOARD AND GROUND EQUIPMENT

In the preceding chapters gyroscopic and inertial measuring equipment which is used for flight tests
has been discussed. The deterministic errors of these sensors and systems have been described and calibra-
tionmethods which are used to measure and compensate these errors have been considered. The accuracy of
the sensors is then basically limited by the stochastic errors, which change from switch-on to switch-on.
More or less sophisticated pre-flight alignment and calibration procedures are applied to measure and com-pensate these errors. These procedures are usually successful in the case of random bias type errors which

have different but constant values for each flight. The time varying random errors - especially the medium
and high frequency errors - can be reduced in part only by direct filtering (for example low-pass filter-
ing). Here the engineer is confronted with the problem that direct filtering not only affects the errors
but also destroys the high frequency signal information.

A way out of this problem consists f using redundant integrated instrumentation and of applying filters
to the difference between the redundant sensor signals. The principles of this method will be explained in
this chapter and examples will be given.

The basic principle of error reduction in a hybrid sensor system is explained with the help of Fig. 8.0.1.
The sensors A and B measure the same physical quantity, e.g. the aircraft velocity. They have been
selected so that they have different error characteristics. For example the sensor A may have low frequen-
cy errors (e.g., INS) and the sensor B high frequency errors (e.g. Doppler radar, which is discussed la-
ter in this chapter). The difference between the velocity outputs of these two sensors contains only in-
formation about the errors of the e sensors and not about the true velocity. This fact has to ke explained.
The indicated velocities vA and v are the sum of the true velocity v and the sensor errors 6vA and 8v8

,A =v + 8vA

VB = v + 6VB

The difference is

vA B =avA -6vB

So if filtering is applied to the difference between both sensor outputs, the true signal v, is not affec-
ted. This is the first great advantage of filtering in a hybrid sensor system in comparison with direct
filtering of the sensor output. The second advantage is that the use of detailed models of the sensor er-
rors allows the identification of the deterministic and stochastic errors with high accuracy, so that these
errors can be compensated with similar accuracy. If recursive filters are used (e.g. Kalman Filters) one
obtains continuous estimates of these errors, which can be compensated on-line. An important condition
for the success of this hybrid filtering is that the sensor errors are complementary, for instance when
they have different frequency spectra (e.g. low and high frequency errors). These types of hybrid fil-
ters will be discussed in the fcllowing text:

- Conventional (analog) filtering.

- Kalman filtering.

- Optimal smoothing.

The mathematical theory of these methods will not be explained in this text - only the principles will
be discussed. The reader who wants to apply these methods is referred to excellent text books existing on
these subjects [8.1, 8.21.

As an example, Fig. 8.0.2 shows a hybrid autonomous measuring system for the aircraft attitude, accele-
ration, velocity ahn tra ectory, which uses a Kalman filter. Thf measurements of the INS are compared with
those of an additional sensor, such as a Doppler radar or TACAN. The difference between the measurements,
which in the Kalman filtering theory is called the "measurement", is fed into a Kalman filter which esti-
mates the errors of the INS and the additional sensor. These errors can then be corrected on-line with
the help of a suitable controller.

Another example is shown in Fig. 8.0.3, describing a hybrid system for reference trajectory measurement.
Th-'.s system uses an optimal smo-othing-techlnique and the figure summarize- the basic principles of this

technique. The low frequency aircraft motions are measured wi h high precision by a tracking radar, by a
long distance radar, by TACAN or by cinetheodolites. Only low frequency sampling is required (e.g. once
every 10 seconds). The high frequency motions of the aircraft are measured by the on-board INS or by the
Doppler navigation system. These navigation systemt have the necessary short te:m stability to provide an
accurate measurement of the high frequency aircraft motions. The smoothing technique is applied in the
following manner. The differences b tween the position measurements of the on-board and the ground-based
sensors are fed into an optimal smoothing algorithm, which estimates the (low frequency) errors of the on-'! board sensors with high precision. The measuremeats of the on-board sensors are then corrected for the
estimated errors to obtain the reference trajectory, velocity, attitude and heading. Thus the optimal
smoothing is applied only to the difference between measurements of two sensors and this difference is
equal to the difference of the errors of both sensurs, and the true trajectory is not affected by the
smoothing process. We shall see later on that smoothing can be applied only off-line, because the smoothing
algorithm uses all the measurements taken during the flight test in order to estimate the sensor errors.
But this is no i-striction in most cases, when the reference data are required with high precision after
the flight test.

8.1 Models for the Sensor Errors
As examples of the sensor error' modelling, an inertial navigation system and a Doppler radar system are ,

SAconsidered. The former is described ir Chapter 7. Laboratory measurements for the horizontal channels of an
INS of the type Litton LN3 are shown ". Fig. 7.3.5, The error model d&scribing these measurements is

= .• . .. i... .. . . .. . ,- -...... ....
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Fig. 8.0.1 Basic Principle of Error Reduction in a Hybrid System
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summnarized in Eqs.(7.3.23a to g). The corresponding block diagrams are shown in Figs. 7.3.3 and 7.3.4.

Sections 7.3.5 and 8.2.1.1 deal with the error model of the vertical channel which is augme nted by the
barometric altimeter. The error growth of the unaided inertial altitude is plotted in Fig. 7..11. The
block diagram including the augmentation is shown in Fig. 7.3.3. The measurenents and the theoretical errorlii models prove the statement that the INS has excellent short term stability but that its error increases
with time.

ifWe will now discuss the error of a Dopple radar. Fig. -8.1.1 shows a comparison of the horizontal air-
craft velocities of the OFYIR HFB 320 test arircraft meaurffW~y the well-calibrated and aligned LN3, and
by the Doppler radar: the correlation time of the Doppler radar errors is of the order of a few seconds,
so that the assumption of an uncorrelated Doppler error seems to be justified for the most applications.

0 20 40 0 10 120
71m: O FLISTf tli

Fig. 8.1.1 M~easured Velocity of the Test Aircaft

The accuracy of the filtered estimates of the sensor errors depends strongly on the short termn stabili-
ty of the on-board sensors. For the calibrated INS, the short term position error is primarily caused by
In the Doppler system the short term position error is caused by the fluctuation (velocity) error. This
velocity noise is integrated to give the Doppler position error. (These statements are ony valid if all
the constant errors in the INS and the Doppler system are perfectly estimated and compensated.)

F' 1 8 1 2 shows the time variation of these short term position errors for a Doppler and an inertial
nay on system; in this example a Doppler fluctuation error of 2 m/s (1a) and an acceleration noise of
10- g (1a) sampled with 5 Hz have been assumed.

- The Doppler position error (random walk) increases rapidly in the first hundred seconds (3 In in 2 s;
7 m in 10 s).

- The INS position error (integrated random walk) remains very small in the first hundred seconds ( 1cm
in 2 s; 8 cm in 10 s).

Fig. 8.1.2 demonstrates that this INS with very noisy acceleration measurements has by far the better
short term stability compared with the Doppler system. If the measurements of the radar, which are used to
aid the on-board sensors are sampled once per 10 seconds, the position error due to the INS can be neglected
between the successive meaburements. But in the Doppler system a random error of the order of 10 metres
builds up between these measurements, thus basically limiting the obtainable accuracy of the hybrid system.

8.2 Filtering Procedures

In this section, conventional (analog) filtering, Kalman filtering and optimial smoothing are discussed,
as examples for the filtering techniques which are in use for flight tests.
8.2.1 Conventional (analog) Filteri~ n.

As examples for this technique, the conventional baro-INS and the conventional Doppler-INS mechaniza-

tions are considered.
8.2.1.1 Conventional Baro-INS

The conventional augmentation of the vertical channel of the platform is shown tin Fi g. 8.2.1. The diffe-i
rence between the hybrid height h and the barometric height hbis fed back through the g-a n -Ttors, K and/,1trol system (second order) shows a reasonable transient behaviour and that the hybrid height 'ollows the
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barometric height well. For the test flights, K1 and K2 were chosen such that KI • 2/T and K2 - I/T2 with
T • 30 seconds; that is, the two poles of the control system were identical. As a result of this soft
coupling, the hybrid height follows long-term alterations of the barometric height, but smoothes out
its short-term fluctuations (see Fig. 8.2.2).
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Fig. 8.1.2 Short Term Position Errors of an INS and a Doppler Radar
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Fig. 8.2.1 Conventional Barometric Aiding of the Vertical Channel of an INS

tit, this process an accelerometer bias Bv produces steady velocity and height errors such as

6h - T2B v.

For B - 10 g, the errors for T - 30 seconds are Sh - I meter and 6A - 0.06 meter per second. The mix-ing process has the drawback that the indicated height (baro-inertial height) still has the saw low fre-
quency errors as the barometric height, especially those dependent upon weather and sensor position.

8.2.1.2 Conventional Doppler-INS

The conventidnal Doppler aiding of the INS consists of feeding the differences bebtw the INS veloci-
ties and the Doppler velocities back into the INS to correct the platform attitude and velocity.

.. ?.1
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1CONVENTIONAL BAfO-INERTIAL SYSTEM
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Fig. 8.2.2 Comparison of Baro-Inertial and Barometric Height of the Test Aircraft
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Fig. 8.2.3 Third-Order Levelling and Syrocompassing Loop of a Doppler/Inertial System
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Fig 8.2. Ishows the error block diagram of a third-order in-flight gyrocompassing loop, whereby the
Doppler velocities measured in the body-fixed coordinate frame are resolved into the north and east direc-
tions by the attitude and heading angles as measured by the INS. This is indicated in the upper right cor-
ner of Fig. 8.2.3. Due to the feedback in the horizontal channels the Schuler oscillations of the autono-
mous INS are damped and the frequency is augmented: the loops are N-times Schuler tined and often criti-
cally damped. Analog aiding of this kind has the effect that this hybrid systemt~ I - has a very accurate non-delayed short term velocity output, but

- follows the low frequency Doppler errors.

Fig. 8.2.3 also shows that the north velocity difference between INS and Doppler is fed back to the
vertical gyro torquer to correct the azimuth INS misalignment. This alignment procedure in the vertical
channel becomes feasible since the errors of the INS due to the azimuth misalignment differ in the north-
south channel from those of a dead reckoning system, i.e. the Doppler system (see Section 7.3.2 and Eq.
(7.3.18)). In the east-west channel the INS error due to azimuth misalignment equals the Doppler crosstrack
error and feedback of the corresponding velocity difference is of no use.

Eq. (7.3.21) finally reveals that also in the north-south channel the INS error is equal to that of the
dead reckoning system, if it was aligned initially using the stationary gyrocompassing procedure. From
this we may deduce that Eq. (7.3.19c) also limits the in-flight gyrocompassing accuracy under the presump-
tion that the Doppler velocities are measured accurately in the body-fixed coordinate frame. Any azimuth
misalignmnent of the Doppler antenna, for instance, causes a corresponding INS misalignm~ent.

8.2.2 Kalmnan Filtering

Kalman filtering is extensively used in integrated navigation systems. The underlaying theory has been
described in many excellent -text-books [8.2, 8.33 and also the equations which have to be solved are given
there. In this chapter only the basic principles will be discussed, so that the flight test engineer can
understand how such filters work.

These basic principles are explained using Fig. 8.0.1. At the beginning of this chapter it has been
shown that, in hybrid systems, filtering is applied to the differences of the sensor errors. Thus the Kal-
man filter in Fig. 8.0.1 is operating on the sensor errors only. The heart of the Kalman filter is a mathe-
matical model of these sensor errors, such as those considered in Sections 7.3 and 8.1. With these models,
starting with rather arbitrary initial values which have to be set by the filter designer, the filter com-
putes the values for the sensor errors which are to be expected from the next measurement under the assump-
tion that the initial values are correct. The actually observed sensor errors are of course different from
those which have been forecast by the model. The Kalman filter is now able to correct the values of the
errors in the model in such a manner that, with increasing number of measurements taken, the errors in the
model approach more and more to the actual sensor errors. So the sensor errors are identified in the model
by the Kalman filter and can be corrected in the process. It has become obvious in looking at the Kalman
filter operation that the success of filtering greatly depends on the quality of the mathematical models
on which these filters are based.

8.2.3 Optimal Smoothing
In hybrid reference' systems, high precision information on the aircraft trajectory, velocity, attitude

and heading can be obtained by smoothing the radar with the help of an INS or Doppler system. Direct
smoothing of radar data is very common in flight test evaluation, for example by least square curve fitting
raa*u also the high frequency movements of the aircraft are smoothed out. This disadvantage is avoided

whntehybrid technique described in this section is used.

1esmoothing algorithm used for the evaluation of DFVLR flight tests is that given by Rauch/Tung/
Stibl[8.4]., which consists of a Kalman forward- and a backward-filter.

8231Forward-Filtering

The Kalman filter equations are solved for the flight time under consideration. The results are the
estimates of the sensor errors just as in the case of the usual Kalman filtering.

8.2.3.2 tlackward-Smoothing

The backward-smoother equations are solved backwards in time, utilizing and improving the error esti-
mates of the forward-filter.

The improved accuracy, which is obtained by smoothing the data, in comparison with normal Kalman filter-
ing can be explained with the help of Fig. 8.2.4. This figure shows the optimal smoother in a somewhat
diferent mathematical formulation, the T -ifi-oni. In this formulation the optimal estimate of the
state vector at the time t is obtained by combining two Kalman filter estimates in an optimal manner: A
Kalman forward-filter gives an estimate of the sensor errors at the time t, based on all the measurementsu before the time t. This estimate has the accuracy of ordinary Kalman filtering. The second estimate is
_5~bhied from r' backward Kalman filter and gives an estimate of the sensor errors at the time t, based on
all the measurements collected after the time t. The smoothed estimate is the weighted mean of these two
estimates. It can be shown that the smoothed estimate is always at least as accurate as the Kalman filterea
one. In most cases it is considerably more accurate.

4'
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FORI:ARD AND SACKWAPD ESTIMATE AT TIME t

Smoothed estimate = Weighted mean
for time t of estimates t (t) and A (t)

Kalman-forward-filter Kalman-backward- filter
A A

Estimate .(t) -b (t)

Estimation error P(t) P (t)

Time

C t T

Fig. 8.2.4 Smoothing Algorithm Principle

8.3 Examples of Hybrid Systems

Inertial Navigation Systems are widely used for the flight testing and calibration of navlgition equip-
ment (e.g. [8.5]. [8.6]). The Zwe examples of hybrid systems described in the Sections 8.3.1 and 8.3.2
are used to illustrate the ,lethods and to demonstrate the accuracy potential of these instrumentation systems.

8.3.1 Hybrid Reference System o-or the Testing of a Microwave Landing System

The ONE-based Landing System (OLS) has been the German candidate in the ICAO competition for the next
generation landing systems. The DI.S has been tested by DFVLR at the Braunschweig airport. Hybrid
measuring techniques have been applied during these testi-

The DLS landing system had to be tested mainly in-flight, when the exact position of the aircraft was
measured by the tracking system, so that the outputs of the DLS on-board sensors could be compared with
this reference flight path. According to a rule of thumb, the accuracy requirements for the tracking system
should be better than the accuracy expected from the OLS system by one order of magnitude, which could be
met only if at least for short ranges the measurements were based on cinetheodolites. They are
the most accurate tracking sensors. The cinetheodolites have one drawback: the data evaluation is cumber-
some. In order to alleviate this problem the DFVLR had decided to pursue the following proposal (s. Fig.8.3,.1)

ft- 

I 

-

-

Fig. 8.3.1 Hybrid Kaasurlng System for the Test Aircraft Trajectory
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The ground based sensors

1 tracking radar

'i giving inten, ittent tracking data with high accuracy were supplemented by on-board sensors

II1 inertial platform
i1 1 barometric altimeter

giving continuous tracking data. The inertial system is aided in the vertical channel by a barometric
altimeter and has a high short-time but a relatively low long-time accuracy. Thus the characteristics of
ground-based and on-board sensors are coalplementary Because of the special data evaluation process for the
cinetheodolttes (processing of the films, manual evaluation of each picture and storing the Information on
punched card), all data can only be coe~tned off-line for reference flight path computation.

; The major purpose of the on-board sensors was to "interpolate" between 2 positIon fixes. For a quasi
continuous reference flight path of 1 poInt every 1/30 s, one position fix was then reqluired only every
8 s.

I ~The data flow In Fig. 8.3.1 Is as follows. The time base of the system was a digital counter (frame
counter) on board the aircraft. By means of a PCM telemetry system the following data required for the
computation of the flight path Were transmitted to the ground by telemetry:

- 3aceleratons as measured by the inertial platform,i
-2 velocities as computed by the analog computer of the inertial system,

- roll-, pitch- and yaw angle of the aircraft as measured by the platform,
i • - 2 Doppler velocities, and
( - barometric altitude.'I The frame counts received on the ground controlled the radar and cinetheodolites measurements. This

guaranteed a high accuracy for the synchronization of all data measured on the ground and on board. The
time between 2 fixes was in general 8.388 s. The radar measurements were stored on punched tape. The
weighted combination of all ground based measurements and mixing with the on-board measurements was done
in a K~alman filter. In carrying out the measurements It was necessary to define a rectangular coordinate
syste1 .The origin of this system was centered In the azimuth antenna of the DLS system (DLS-A Station). (
The x-axis was aligned with the runway and pointed nearly east (84. 7820), the y-axis nearly north and

Tecinetheodolites are Bedensee~eerk KTH 5g. Here the tracking is done manually by handwheels and by"
men ftelescopes. During the DLS trial, the registrations were made synchronously with the radar. The

tracking radar was the Hollandse Signaalapparaten L4/3. This radar follows the target automatically during
the measuring process, and gives the arngies of elevation and azimuth of the antenna system and the slant
range to the target. Automatic tracking is achieved by rotation of the radar beam (conical scan). The
distance to the target is determined by the interval between transmission and reception of every individual
radar pulse.

The test aircraft, a Dornier Do 28, is shown in Fi.8.. and part of the on-board electronics can be
seen in Fig. 8.3.3: the inertial system (Litton LN3 CAMAC interface for digitizing the signals.

otinclude in he figure aet oplrrdrand the barometric altimeter. The inertial system consists
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Fig. 8.3.3 On-Board Equipment of the 00 28 Test Aircraft

As mentioned above, all on-board signals - the accelerations, velocities, the attitude and heading angles.
the Doppler velocity, the barometric altitude - were digitized in the CAMAC interface and fed to the PCM
telemetry.

The Doppler radar was the General Precision Laboratory ANP-153 (V). Its radio energy is transmitted in-
coherently and as impulses. The antenna is pitch and track stabilized. The barometric altimeter was the
Rosemount Engineering Company.Model 840E,

In general, only three measurements are necessary to determine the position of a target. From the three
cinetheodolites and the tracking radar nine measurements are available and the position of the target is
overdetermined. Therefore the calculation of the various position fixes was achieved by means of an optimum
fitting using the least mean square method. The evaluation program for the computer was set up in such a
way as to permit working with less than nine data points. For further processing, the coordinates of the
position fixes were stored on magnetic tape. The accuracy of the various points can be expressed by the
error covariance matrix which was determined for each position fix based on the radar specifications
(range-, elevation-, azimuth accuracy). The ground-derived data from the cinetheodolites and the radar
including the covariance matrix describing the accuracy of the information were recorded on magnetic tape.

The data measured on board - 3 components of the acceleration from the INS, 2 components of the velocity
from the INS, 2 components of the velocity from the Doppler radar, barometric altitude - were transmitted
from on-board to ground and stored on magnetic disc. The synchronization of the data on magnetic tape and
on magnetic disc was based on the frame counter setting transmitted from on-board to ground and recorded
un tape and disc as the first word of each data frame.

Based on-the INS velocity outputs the computation of the raw flight path was carried out with a frequency
of 5 Hz. By comparing the frame counter setting on the magnetic disc and on the magnetic tape a posi-
tion fix was recognized by the computer, which started the Kalman filter algorithm for estimating the INS
error state vector. The state vector, state transition matrix and covariance matrices before. ind after the
measurement were temporarily stored on magnetic disc. When the last position fix had been processed, the
smoothing of the INS errors (using the Rauch-Tung-Striebel algorithms) backwards in time was started based
on the forward filter state vector, transition matrix and covariance matrices stored temporarily on the
disc.

Since the final smoothed error state vector estimates for correcting the INS flight path were 8 seconds
or sometimes re apart (if no position fix was at hand) while the flight path had to be corrected at a
frequency of 5 Hz, the errors during the 8 seconds had to be calculated by interpolation. Then the final
reference flight path could be calculated. An interesting figure for the reference flight path is the self-
diagnosis of the estimation. This lo-band for the reference flight path is simply the square root of the
corresponding value on the min diagonal of the covariance matrix. Since the optimal estimation was not
tied down to fixed tim intervals, the reference flight path computation could also be carried out when
the aircraft was out of the range of the tracking radar and the cinetheodolites. The reference fliqht path
was then based solely on the INS with position errors growing according to its error dynamics.J The data flow during the final reference flight path computation is illustrated in this flow-diagrrm:
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measured velocity. Every 8 seconds - if a position fix is a'.ailable - the INS errors are wstimated with
Sthe help of the forward Kalman filter. After the l~.st Position fix the INS error data arep rocessed in the

. beckw~rd filter. Finally the INS flightpath is corrected for the Interpolated INS errors which have beenestimated.

-- In the following discussion the accurac~y of the reference trajectory is described, as achieved in three
typical flight tests by smoothing the tracking radar and cinatheodolites data using the inforuation of the
on-board sensor system. The errors in these cases have been computed with respect to the OLS-coordinates,

£ aezimith, elevation and slant rang. As reference point for the cinetheodolite mesurements, a flash lrap

visible on every cinetheodoitea picture. The mamsuring accuracy of the cinetheodolitts was therefore limited
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Figs. 8.3.4 to 8.3.8 show the accuracy of the refer""c trajectory (20) for three typical flights.

8~.TB3.4 to 8-3.6: The aircraft was flying at W0.OD ft from 32 me to 2 ma an a radial towaurds the
aL o. a&use of insufficient visibility, no cinetiwoedlite igmasawepaits "Mv possible. The raft-

rence trajectory was computed using the tracking radar and INS data. The o"mmra w om f the radar is
28 in; therefore beyond 28 no, only INS was available, which leads to an increasing erver of the traectory
with increasing distance. This Is clearly seen in the plot for the MW error. This effect is almost nt
visible in the plots for the angular errors, becomas. with increasing x. y. z-errers th distance to the
OLS stations is also increasing. The anglar errors Increase whom the aircreft as Peah the Ots stations

deto the following geometric effect: for constant a. To z-errors. th ampler error berams very greet
if the slant range to the OLS stations becoms very smel.
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Fig. 8.3.4 Accuracy of the Reference System fur the Distance to the Test Aircraft
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Fig. 8.3.5 Accuracy of the Reference System for the Azimuth to the Test Aircraft
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Radial Flight
Altitude 10 000 feet
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Fig. 8.3. Accuracy of the Reference System for the Elevation Angle to the Test Aircraft

Fig. 8.3.7: The aircraft was flying at 3000 ft on a radial to the DLS-A station. This flight Illustrates
theri rtnce trajectory accuracy when different combinations of the sensors are used: Beyond 9 rm track-
ing radar and INS are available. For a short period of time the radar had lost the target. Between 9 and
6 m, only one cinetheodolite could track the aircraft. At a distance of 1 no from the DLS-A station - i.e.
close by the DLS-E station - a telemetry break-('own occured, because the aircraft was flying over the tole-
meary station. So the synchronization was cut off and no on-board data were available for the evaluation.

Fig. 8.3.8: This figure displays the errors during final approach. In this case all the sensors were in
o i (3 cinetheodolites. tracking radar and INS). The geometric effects due to a small distance be-
twen the aircraft and the DLS stations are clearly visible.
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Fig. 8.3.7 Accuracy for the Distance to the Test Aircraft
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jFig. 8.3.8 Accuracy for the Elevation Angle to the Test Aircraft

Fig. 8.3.9 shows the results of measurements which were taken during cunventional centerline approches.
In The figure the difference between the y-components of the DLS signal and the reference is displayed in
rectangular coordinates. The reference trajectory in this case has been calculated by smoothing the cine-
theodolite data with the INS. The mean value of this diffet-ence is very small: 0.42 m. The standard devia-
tion (1o) is also very small, as can be seen in this figure: 0.75 m. The error of the reference system is
certainly not correlated with the OLS error, so that it is correct to assume that the random error of the
reference (lo) is not greater than 0.75 m. But the structure of the difference signal clearly indicates
that the main part of this error is due to the OLS system because the reference trajectory cannot contain
such high frequency errors. The conclusion can be drawn that the integrated reference system can provide
an accuracy of the order of 50 cm, with cinetheodolites measurements taken every 8 seconds.

The overall results which have been obtained during the OLS testing campaign have shown that the
approach of an integrated measuring system for the flight path using optimal smoothing techniques is both
economic with respect to the evaluation workload and provides very high accuricies.

TIST RESULTS FROM ý$S FLIGHT TESTS VoWiU. L[NT~ri.INE AP'OifALIi
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Fig. 8.3.9 Difference between the OLS Signal and Reference System Measureme t
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8.3.2 Hybrid Reference System for the Flioht Testing of a Doppler Mavigation System

The flight testing of Doppler navigation systems is another example of the successful application of a
hybrid measuring system. In general for the evaluation of such flight tests, the aircraft position, velo-
city and sometimes also attitude and heading have to be known with very high accuracy. A hybrid measuring 3
system consisting of ground equipment (tracking radars) and on-board sensors (inertial navigatio',i systems,
INS) can provide this accuracy. This fact will be illustrated by a few test results presented In this sec-S~tion.

For the Doppler navigation system tests the DFVLR test aircraft HFB 320 (inj. B.3.10)had beer used. This
aircraft contains advanced on-board instrumentation (Fig. 8.3.11, see also Secion .

- fly-by-wire system

- general purpose on-board computer

- INS

- magnetic tape with high storage capacity

- quick-look capability

- several attitude reference systems, etc.

For the Doppler tests the main on-board instruments used were the Litton LN3 inertial platform, the Sperry
SYP-820 attitude and heading reference system ard three different types of Doppler radars (stabilized and
fixed antennas, pulse and CW Dopplers). The measurements of these sensors were recorded on magnetic tape
at high frequency (10 times per second).

Fig. 8.3.10 HFB 320 Test Aircraft

F3I

f Fig. 8.3.11 IIFO 320 On-Board Instrumentation

__ 2
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As a typical example of a flight profile for long range tests, Fi. 8.3.12 shows a flight from Hannover
.* airport, via Meppen, Norderney and Helgoland back to Hannover. The4 TlnT-track lies partly within the

range of three tracking radars. at Hannover (L 4/3), Meppen (MPS-36) and Norderney (Fledermaus). Usually
radar measurements are recorded every 10 seconds and stored on magnetic tapes.

4- 50 km-m 50km

.. s, ggt

Fig. 8.3.12 Long Range Test Flight

The time synchronization of the on-board and the ground based sensors is accomplished off-line with the
aid of a time code which is also recorded on the magnetic tapes.

For the Kalman filter and optimal smoothing calculations, the error models for the INS, radar and cine-
theudolites described in the preceding chapters have been used. The error of a Doppler radar signal has
been illustrated in Fig. 8.1.1. The predominant error is the Doppler fluctuation, which can be observed
clearly in this figure in comparison with the very smooth inertial velocity. Velocity scale factor error
and heading error are also contained in the Doppler navigation system error model.

The reference system for the Doppler navigation system testing is realized in the same way as described
in Section 8.3.1, i.e. by combining off-line the measurements of the tracking radars with the inertial
on-hoard measurements. The accuracy of this reference system is illustrated in Figs. 8.3.13 to 8.3.16.
They show the accuracy obtained by forward Kalman filtering and by backward smoohing.-ThjeTmorovement
introduced by optimal smoothing is clearly visible. When the aircraft flies out of the radar coverage the
errors ot velocity and position increase, as it can be observed in Figs. 8.3.13 and 8.3.14. This increase
is much less for the smoother because the "gaps* between two radar coverages are closed from both sides.I Under tracking radar coverage the roll and pitch angleL are measured to 10 arc sec, the heading to 1.5 arc
min, the velocity to 0.03 m/s and the position to 2 - 8 . accuracy (o) by the hybrid reference system,
consisting of an INS and a tracking radar. Fl . 8.3.15 shows the difference between the reference trajec-
tory (obtained by smoothing th. tracking rad co•verager the long range fltght w1th the LN3 inertial plat-
form) ani the radar measurements (curve 1). The accuracies (1o) of the tracking radars (curve 2) and the
reference trajectory (curve 3) are also shown. This figure demonstrates that the measurements of the three
tracking radars

- L4/3
- MPS-36
- Fledermaus

have approximately the saw. error dynamics. This can be explained by the fact that these errors are mainly
caused by the radar fluctuations on the test aircraft HFB 320.

The accuracy that would be obtained if Doppler radar, rather than the INS, were tsed to smooth the I
tricking radar data has also baen analysed. This is shown with the help of Fig. 8.3.16. This figure gives
a comparison of the position measuring accuracy (smoothed estimates) of the two eFfarence systems
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- INS and tracking radar
- Doppler and tracking radar

for the long range flight shown in Fig. 8.3.12. Fig. 8.3.16 shows the higher accuracy obtained with the INS
under radar coverage in comparison with the Doppler system. Outside the radar coverage both systems have
similar errors. In long periods between radar coverage the reference system with a Doppler has a higher
accuracy than with an INS (in Fig. 8.3.16 between 4500 and 5500 s). though it should be realised that the
Doppler heading reference system (SYP 820) was initially aligned to north with the aid of the LN3 system.

i'I

10 2M_ 3M on MOD MW 7M

Time Is)

Fig. 8.3.13 Velocity Error of the Hybrid System (la)
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1000 I

Time Is])I .

Fig. 8.3.14 Position Error of the Iýbrid Syste (1)
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Fig. 8.3.15 (~1Difference between Reference Trajectory and Radar Measurements
SAccuracy of the Tracking Radar (1a)

G Accuracy of the Reference Trajectory (lo)

I __ _

100 _

I

000 OW 20 0O 00M 6000 7000

Fig. 8.3.16 Accuracy of the Smoothed Estimates of two Hybrid Reference Systems
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As examples of the results of flight tests, Figs. 8.3.17 and 8.3.18 are shown. Fig. 8.3.17 shows the
difference between the Doppler radar m~asurement and the reference velocity for a flight period of 90 s.
This is a part of the sample function measured in a flight over flat land. The mean value of this sample
function has been computed over 200 s. which corresponds to a distance flown of 12 nin at 110 m/s. The mean
value of the sample function was 0.067 m/s, which is negliqibly small. The standard deviation of this sam-
ple function is a - 2 m/s, a value which is several orders of magnitude greater than the reference veloci-
ty accuracy, so thit it can be stated that this error is due to the Doppler radar measurement only. j

Another sample function has been taken over water. Fig. 8.3.18 shows the difference between the Doppler
radar measurement and the reference velocity for 90 s flight time. The same analysis has been carried out
for this sample function showing a mear. error of 2.2 m/s and a standard deviation o 1.4 m/s. The large

10

0 t

0 20 /,0 60 80 Time [s)

Fig. 8.3.17 Doppler Radar Error Fine Structure as Measured with the Help of a Hybrid Reference System over
Land

5

0 04 60 80 Time [sI

Fig. 8.3.18 Doppler Radar Error over Water
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mean error present in the sample function is due to the land/sea calibration shift. The sample functions
show that the fluctuation error over sea has smaller amplitudes that over land. The statements made so far
refer to the velocity measured in the aircraft's longitudinal axis. Similar results have been obtained for
the cross-track velocity.I; ~ The results which have been obtained in several campaigns of flight testing navigation systems of high
accuracy have shown that hybrid systems can provide reference information about the aircraft attitude,
heading, velocity and position with highest accuracy, if advanced software techniques such as optimalsmoothing are combined with advanced instrumentation.
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9. APPLICATION OF GYROSCOPIC INSTRUMENTS TO FLIGHT TESTING OF AIRCRAFT

Flight testing of an aircraft is carried out for a number of reasons ,uch as:

- New 'r modified aircraft must be certified.
- Research objectives are studied with experimental aircraft. I
- The aircraft is used as a "flying platform" for the evaluation and calibration rf airborne or ground

equipment.
- Research and teaching in a "flying classroom".

The aim of the flight test of a new or modified aircraft is to demonstrate that the airplane or sub-
systems of it perform in accordance with certain specificatiors or requirements (Mil. Specs., requirements
of national airworthiness authorities, etc.) or to measure the deviation from these specifications. Tests
are ,-equired for

- Stability and control ("flying qualities").
- Aircraft performance.
- Systems (including avionics and navigation).
- Structure (loads and flutter).

The sam. tests are often accomplished with experimental aircraft to satisfy basic research objectives.
Flight tests can he made in steady state or in non-steady (dynamic) flight conditions. The variety of para-
nieterswhich are involved in flight testn*nq makes the design and integration of the instrumentation system a
rather complex task. A comprehensive analysis ot the principles and problems of the design of flight test
instrumentation is presented in Volume 1 of this AGARDograph [9.1]. The general ideas laid down in Volume 1
awe also valid for tie gyroscopic instrumentation suhsystems under consideration. In addition, we have to
consider the special requirements which exist for the applications in dynamic flight testing.

9.1 Requirements for the Gyroscopic Instruments

The application of gyroscopic instruments in aircraft stability, control and performance flight tests
and for, Ihe calibration of airborne and ground systems places a number of requirements on these trans-

* ducers .). These requirements are expressed in terms of measurement range, frequency response and accuracy.
It has already been discussed in Chapter 1 that the non-steady flight test techniques which are used to
identify aircraft parameters in dynamic flight conditions, together with advanced mathematical evaluation
procedures,have increased these requirements in the last decade.

The kinematic and dynamic quantities which are of interest in these flight tests and which can be mea-
sured with inertial transducers are:

- the angular rates in aircraft body axes (roll, pitch, yaw)
- the aircraft angles measured with respec., to local level (attitude) and north (heading)
- the linear accelerations, in aircraft body axes and also with respect to local level and north.

From these measured quantities, the aircraft ground speed and position can be computed by dead reckon-
ing (sne Chapter 7). The requirements for the inertial transducers largely depeno on the characteristics
of the physical quantities to be measured:

- the frequency spectrum of the signal of interest, which depends on the type of jircraft and mission
flown in the flight test, and

Sthe frequencies of the noise corrupting this signal.

The noise can be generated within the transducers (e.g. angLlar or linear vibrations, pickoff noise)
or it can be introduced by the electronics or the digitizing pr•cess (see Chapters 3 and 4).

In order to ill'istrate the physical structure of the quantities which have to be measured in the flight
tests, we present several sample functions of these quantities obtained during flight tests with the DFVLR
test airplanes (DO 28 and HFB 320; Figures 8.3.2 and 8.3.10). These sample functions exemplify the diffi-
culty of separating the signal of interest from unwanted overlying noise. This separation has to be ac-
complished by appropriate filtering of the sample functions.

9.1.1 Sample Fun,-tions of the Measurements Obtained with Strapdown Gyros and Accelerometers

Fiues to 9.3 show sample functions of the angular rates (yaw, pitch and roll) as 'easu'ed, before
ando ite toUhaow, without any filtering, on shock mounts in the 00 28 airplane by the experimental

strapdown system NOSY (s. Section 7.4.4.4). The digital data (angle increments divided by the time incre-
ment) were sampled and have been p'otted with a frequency of 50 Hz. One can observe that the high frequency
part of the angular rate (>1 Hz) increases after touch-down during the ground roll.

The angular rates have been integrated in the NOSY strapdown computer to obtain the aircraft angles.
The results are shown in Figures 2.4 t9 R.§ (the roll, pitch a J heading angles). One can observe
thatby the integration process, the hiigh frequency conteipt of the measured signals has been considerably
diminished.

The corresponding linear accelerations for the same airplane and the same flight period are shown in
Figures 9.7 to 9.9 in aircraft body axes, measured by strapdown accelerometers (Litef B 250) and without

an i lterTingHre again, the high frcquency part (> 1 Hz) of the accelerations increases after touch-

The sample functions of these measurements obtained with strapdown gyros and accelerometers of high ac-
curacy illustrate the difficulty of distinguishing the useful signal (angular velocity, attitude and headinj

\ ×) For the application in structural tests see Chapter 1, for systems testing Chapter B.
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and acceleration of the airplane) from what is regarded as noise (e.g. aircraft vibrations). This fact is
particularly obvious in the increase of the noise level in the Figures 9.1 to 9.3 after touch-down, when
the aircraft is rolling on the grass field. The "noise" in these figures partly corresponds to angular
vibrations of the aircraft, partly to effects in the transducers induced by vibrations or other sources
and finally, to effects in the readout system.

The effect of a simple integration process on the noise level can be ohserved in rrninarinq the Angles
(Figures 9,4 to, 9.b) with the angular rates (Figures 9.1 to 9.3). A similar effect can be seen when the
accelerations (Figures 9.7 to 9.9) are integrated to ootain the velocities. It should be noted ".re that
the integration process does not reduce the noise to nothing, but builds up a "random walk" stochastic
process, with a variance increasing with time (see Section 4.3).

9.1.2 Sample Functions of Measurements Obtained with an Inertial Platform

The sample functions shown in Figures 9.10 Ind 9.11 have been obtained with the LN3-2A inertial plat-
form system during a laboratory experimen.Tept atfr was couplcd with a digital computer via an in-

terface with two 12 bit A/D converters for the accelerations. The navigation equations were programmed
in this computer, and the loop was closed in feeding the computed gyro torquing signals back into the
platform through a 12 bit D/A interface. As a means of obtaining clear effects in this experiment, the
platform was not aligned very accurately (I to 2 minutes of arc misalignment in th, horizontal awes and
10 to 12 minutes of arc in the azirmith) and a north accelerometer bias of the order of 10-2 m/s4 as well
as a vertical gyro drift of 0.5 0/h was not compensated. The INS was installed in the laboratory and no
external accelerations or angular rates applied to it. Thus the accelerometer output is a measure of tU.e
earth gravity sensed by the accelerometers in accordance with their angular orientation and of t"e cccele-
ration measuring errors. Figure 9.10 shows sample functions of the horizontal accelerations and the com-
puted ground speeds recorai3e71 riing the first seven minutes (reading interval 0.2 seconds). An interesting
feature is the fine structure of the errors, particularly of the acceleration errors: One can clearly
recognize quantization effects. The accelerometer noise excites "quantum jumps" in the A/D converters at
the level of the last bit. It is also remarkable how quickly the clearly visible bias of the north acce'ero-
meter is integrated into a large speed error (VN).

It should be pointed out that the large platform errors introduced to make the effects visible lead to
navigation errors that lie about one order of magnitude ahove the errors of the calibrated LN3-2A system.

In igue9.1, the acceleration indicated by the north accelerometer is again plotted with a reading '
intervalTof TT4 seconds. Together witn this sample function, the best estimate of the gravity component

(-g-EE) acting upon the accelerometer due to its angular orientation is shown. This estimate w..; obtained
by applying the optimal smoothing technique (Chapter 8) to all the information obtained from the inertial
platform during the experiment. This Figure 9.11 may be considered as a sample function showing the accele-
ration signal together with the noise corrupting this signal.

The physical structure of the output signals of an inertial navigation system in flight is illustratedii I I
__ _ -i
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Fig. 9.14 The platform angles measured during a 6-min-interval of a flight test

by the Flgures to 9.14. These figures have been obtained in flight with the DFVLR HFB 320 test airplane

using the LN- FNS igure 9.12 shows the north and east accelerations measured during a typical test

flight of two hours duration. Figure 9.13 shows the corresponding velocities. (The vertical velocity was

measured with a bare-inertial loop). The platform angles are plotted for a different flight in the Figure

9.14 for a flight period of 6 minutes.

9.1.3 General Conclusions on the Requirements for the Gyrocopic Transducers

The sample functions of measurements of aircraft angular rates, attitude and heading and linear accelera-

tions, which have been presented in the preceding sections, demonstrate that these physical quantities are

highly dynamic functions of time. In addition, they are corrupted with overlying noise induced by aircraft

vibrations or by the measuring process Itself. Several general requirements for the design of the instru-

mentation with respect to measurement range, dynamic response and accuracy can be formulated.

The measuring range of the gyroscopic transducers should be as small as allowable, in order to maximize

the output signal leve and consequently the resolution of the measurement. The allowable range is deter-

mined by the input signals which are expected from the aircraft motion and from the vibration level. Thus

the range of the measurement depends on the type of aircraft used for the flight test and its manoeuvera-

bil ity. For yaw attitude (heading) a range of 3600 is required. Roll and pitch attitude may be + 1800 and

+ 900 resp'!ctively for fighter aircraft and + 450 for transport aircraft. For fighter aircraft pitch and

'jaw rates up to + 100 O/s and roll rates up 1o several hundreds of °/s have to be measured.

The frequency spectrum of the physical quantities to be measured (angles and angular rates) o- to be

ScomputeT--•n-ga e and rate dependent parameters) has to be studied in advance of the measurement. In general,

gyroscopic instrumentation has sufficiently rapid response for the medico frequency range of up to 10 Hz,

and also for the somew hat greater bandwidth of fighter a trcraft of up to 20 Hz (see Sections 3.3 and 3.4).

aNot only the gyroscopic sensor but also the signal conditioning, the recording system and synchrtn.zatnon

techniques employed have to be chosen with sufficiently high response frequencies in order to obtain an

adequate measurement of the physical quantity of interest. In digital systems the rules for samplinq sig-

nals must also be satisfied (see Section 4.4). Special attention has to be given to the problem of separa-

tion of the signal of interest from the overlying stochastic errors (see Sections 4.3 and 8.2).

I . . The accurac requirements span a wide range. Gyroscopic instruments of low or medium accuracy are nor-

mally riqui for aircraft flight tests under steady flight conditions (0.10 for the angles; I % of full

scale for the angular rates). For performance testing and system identification under dynmic flight con-

ditions gyroscopic equipment of inertial quality is necessary (a few arc minutes for the angles; 0.1 to

0.01% of full scale for the angular rates). These accuracies have to be achieved under severe conditions:

heavy g-loads in manoeuvers, linear and angular vibrations and shocks, electromagnetic interference,
temperature effects, electrical system noise, etc.

9.2 Conventional Instrumentation Systems
In the following sections we shall describe typical sets of inertial sensors which are in use as part of

the overall instrumentation systems for the flight testing of aircraft.

A typical conventional instrumentation systew as used for stability and contr. flight testing of air-

craft contains the following set of inertial transducers: , 4, i
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3 Accelerometers (Section 3.6)
1 Vertical gyro (Section 6.1).2
1 Directional gyro (Section 6.2
3 qate gyros (SectIon 3.31.

In addition to these inertial sensors, transducers are required for the angles of attack and sideslip,
for air pressure and temperature. for the position of the aerodynamic surfaces, for engine parameters and
strain gages for load measuremeniks, etc.

The package of inertial transducers measures:

- the linear accelerations in the aircraft body axes
- the aircraft attitude and heading with respect to local level and north
- the angular rates in the aircraft body axes.

For performance tests earth-referenced measurements are often taken in addition to the on-board measure-
mentF, using tracking radars or cinetheodolites, to reconstruct the aircraft flight path in dynamic
mnoeuvers with high precision. With this set of on-board and ground instnrmentation, the aircraft dynamic
state vector:

- the position of Lhe center of gravity
- the velocity of the center of gravity
- the aircraft attitude and heading

with respect to an earth-referenced coordinate system and

- the linear aircraft accelerations

- the aircraft angular rates

in aircraft body axes. can be measured with the accuracy provided by the sensors used. Thiseccuracy is
determine by carrying out an error analysis for the inertial sensor package using the error moels deve-loped in the Sections 6.1 (for the vertical gyro; and 6.2 (for the directional gyro) and in Section 3.2

(for mechanical gyros). The specific data for the sensors are specified by the producer of this equipment.
Typical accuracy figures for the conventional type of instrumentation are:

Measurement Accuracy

Acceleration 103 g
Attitude 0.50

Heading 1I

Angular rate 1 %'of full scale

9.3 Instrumnntation Systems Using an Inertial Platform

For performance flight testing and in experimental aircraft inertial platform system are used more and
more as bqsic sensors of the instrurentation system L9.21. There are seVrel factors which favor the use
of an inertial platform system fur flight testng - In particular their high accuracy ( Chapter 7).
These system have also become cheaper and more relidble during the two decades of their apClication to
military and civilian navigtion. They are insensitive to accelerations - in contrast to the vertical

ro - and thus more sui for dynamic flight testing. The aircraft and their avionics systems to be
flight-tested have bece more ond more complex. and the accuracy reqired for their testing can only be
achieved with instrentation systems eloying an inertial platform system. Finally a ruferenco sy3te
for the aircraft attitude. heading, velocity and position r*qirirq extreme accuracies is aýwsys coentered
around an INS. which is aided by external measurements (see Section 7.1 and Chapter 8).

A typical instrmentatlon system of this kind ceetains at present the inertial platform and three rategyrs. (Th ccmptaion of th ar~lar rates fro th platform angles my not be sufficiently accurae• be- !

ase the limited angle read-out accurac, en if sophisticated mthematics like curve fitting is
mloyed.) The measurement out•ut list of this instrentation system will contain the following parameters

(air data must be provided by an air date couter):

P a r a m e t e r Typical Accuracy

.aro-inertial altitude depending on air data accuracy

Ground speAd 3 Wse
Latitude 1 na per hour of flight time
LonLitude 1 nm per hour of flight tim
Wind direction depending on air data accuracy
Wind speed dending on air date accuracy
Track angle0.5"
Drift angle 0.50
North velocity 1/s -- ,
East velocity 1 M/s
Vertical velocity 1M/S
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Parameter Typical Accuracy (continued)

North acceleration 10-3 g

East acceleration g0
Vertical acceleration 10- g 9
True heading 20 arc mmn
Pitch 6 arc min

Roll 6 arc min

Yaw rate 0.1 % of full scale

Pitch rate 0.1% of full sv.ale

Roll rate 0.1 1 of full scale

If the platform is not located at the aircraft center of gravity, these data must be corrected for
accelerations and velocities induced by aircraft rotations around its center of gravity. The calculation
of the flight path can then be performed. Using additional air speed measurements, the anglcs of attack
and sideslip can be calculated. With these data, aerodynamic and performance data can boe computed and con-
verted from an earth-referenced coordinate system to the aircraft body axes - using the platform angles -
and to flight path axes - using the angles of attack, sideslip and the flight path angle.

The use of redundant information from other sources (e.g. Doppler Radar, VOR/DME, DME/OME, etc.) in
combination with the INS, using the hybrid techniques described in Chapter 8 or just mere update methods,
can considerably improve the accuracies In the above table. Examples of such applications in aircraft flight
tests are [9.71 and [9.83. In [9.7] the INS is aided using VOR/D3E and barometric altitude measurements; in
[9.8], the NS-updates are obtained from points of standstill of the aircraft on the ground and from
knowledge of the runway profile during the ground run of the aircraft.

9.4 Examples of Modern Instrumentation Systems

In this Section three examples of modern instrumentation systems are discussed. These systems employ
an inertial platform system together with rate gyros, body-mounted accelerometers and air data sensors to
obtain performance and aerodynamic data in dynamic flight tests. The application of these instrumentation
systems involves the two main factors which have Influenced the design of flight test instrumentation during
the last decades: Dynamic manoeuvers are flown, and complex mathematical tools are employed to extract
aircraft parameters - unobservable in steady-state flights - from the measured data. So the requirements
for the gyroscopic sensors are very stringent.

9.4.1 DyMoTech Instrumentation System

DyfloTech (Dynamic Modeling Technology) is a program [9.3] which was undertaken by the US Air Force at
the Air Force--light Tlst Center-(AFFTC) at Edwards Air Force Base. The objective of DyfoTech is to develop
dynamic flight test techniques and the necessary modeling techniques for the identification of the perfor-
mance characteristics of aircraft. The test aircraft is the F-4C.

The locations of the transducers used in the DyMoTech lnr;trumentation system are shown In the Figure
9.15a. Figure 9.15b shows a block diagram of this system. Several sensor packages are mounted onthe
ai-plane.
1. The Noseboom Instrumentation Unit (NBIU), with Sundstrand Q-flex accelerometers, which comprise the

flight path accelerometer (FPA).

2. An air data system with 20 bit Garrett digital quartz pressure transducers.

3. Two sets of body-mounted accelerometers mounted in the nose and tall sections of the fuselage to
determine body bending as well as longitudinal acceleration at the center of gravity.

4. An LTN-51 inertial navigation system with the usual output of position, velocity and angles. The plat-
form was modified to obtain acceleration and gitmal angles directly. The vertical channel is aided by
pressure altitude (see Chapter 8).

5. A high accuracy three-axis rate gyro package to measure the angular rates. An angular accelerometer for
pitch acceleration.

6. Engine instrumentation and sensors for the aerodynamic control surface movements.

The a:celenaeter outputs are sampled at sixty samples per second as are the angles of attack and side-
slip, the rate gyros and the angular accelerometer. The aerodynamic surface positions are sampled at thirty
samples per second and the engine parameters at five samples per second. The INS data are also output at
five samples per second. For highly dynamic maneuvers the INS accelerations, velocities and angles might
be required at a higher rate.

The DyNoTech program was started in 1974 and the F-4C test aircraft was instrumented in 1978. The in-

stnrmentation Is obviously redundant, so that diffeeent methods for extracting the flight path acceleration
simultaneously from separate measurement systems can be compared in flight. The instrumentation has the
required high accuracy to obtain the aircraft performance data from dynamic flight maneuvers.

S~f
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9.4.2 Instrumentation for Dynamic Testing at the National Aerospace Laboratory (NLR)

A different system for dynamic testing has been developed and flight-tested by the Delft University of A
Technology and the National Aerospace Laboratory (NLR) in the Netherlands [9.4]. This equipment has been
flight-tested and improvee in different airplanes since 1967 (DHC-2 Beaver, Hawker Hunter MK VII and Fokker
F28 Fellowship). The purpose of thest flight tests was to study the influence of

- the aircraft input signal (dynamic maneuvers),
- the instrumentation system, and
- the data analysis technique

on the accuracy of the aircraft parameter determination from a single dynamic maneuver [9.5] and [9.6].
As an example of this measuring technology, the instrumentation system developed by the NLR for the Fokker
F28 Fellowship will be considered. This instrumentation system is shown in Figure 9.16a. Figure 9.16b shows
a block diagram of this system. It consists of

1 Inertial Measurement and Conditioning System (IMAC)
1 Air Data Measurement System (DRUM)
4 Flight Data Acquisition Units (FDAU) (to measure engine parameters, control surface deflections, etc.)
I Litton LTN-58 Inertial Sensor System (ISS)
1 Avionics Data Acquisition System (CADAS)

and a tape recorder for data storage.

I

Fig. S.16a NLR Instrumentation System for the F28 Aircraft

The IMAC contains three accelerometers (SACEM 10625 A) and thre, rate gyroscopez (Honeywell DGG87B7) in

a temperature controlled tnvironmeet. The aligmuent accuracy of the sensor axes with respect to the air-
craft axes is in the order of 0.01 degrees. The IuC is mounted near the center of gravity of the airplane
In o,der to eliminate the effect of elastic deformation of the aircraft o. the measureent. The output sIg-
nals are synchronized to within I Ps. The six output channels are sampled at a rate of 64 sap1lqs per sec-ond and converted from analov_ to digital using 16 bit A/D) converters. Static accuracies of 10"- g andL10io degrees/second are reached with these sensors. The measurement range is + 10 degrees/second and
t +2.5g.

i:'
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The DRUM system contains pressure transducers for static pressure, for impact pressure and for change
of static pressure since the start of the maieuver (static pressure minus pressure in a flask closed at
that moment). The static accuracies a-e 50. 10 and I Oa, respectively. Static pressure is obtained from a
trailing cone with a time constant of I to 2 seconds, which can be estimated with an accuracy of about 5 1.

Oata from IMAC and DRUM are processed in a Kalman filter/smoother. which provides an accurate estimate
of the state vector during the maneuver: three air velocity components. three attitude angles ind altitude.
The Kalman filter assumes that the wind speed and direction are constant during the maneuver. This assump-
tion can be checked later by a comparison of the calculated air velocities with the ground velocities
measured by the LTN-58.

From the state vector the angles of attack and sideslip can be calculated with an accuracy of 0.05 de-
grees. Further calculations can provide lift and drag coefficients and stibility derivatives.

9.4.3 Integrated Instrumentation System Used at DFVLR

The DFVLR is operating the twin-jet HFS 320 (see Figure 8.3.10) at Braunschwe:g as an experimental air-
craft for research projects in the fields of guidance and control and flight mechanics. This aircraft has
a digital electrohydraulic control system (fly-by-wire system) and a complex flight control unit for fully
automatic control of the aircraft movements. The aircraft is used for flight tests of

- digital Integrated flight control systems
- integrated navigation systems-new operational procedures (steep approaches. 4D-comaiind control, flight procedures with an MLS, etc.)

- impvoved handling qualities through digital control (direct lift co•ntrol)
methods for aircraft state and parameter identification in dynamiu Cljht conditions.

The aircraft is equipped with an instrumentation system •Figures 8.3.11 and 9.17a) containing the
inertial transducers



I Vertical gyro •Oerry VGJOOI

S' t 1a gyro- (Sperry C,. .,
.3 Acceleromt ~ers~ GIIi ; 6tO 2(SYstt- n Donner 4311A)
IInertial 0lat 'ori, (L tt l,i 032~f~ 4 A).s The sensor PAbage With VG, DG rate qyros 

_vs block diagram o t the DFVLR instrum etnr at sho .on '

fi-

Fig. 9
.17a Sensor Packages of the DFVLR

0 Gand O fteDVRIsr~na
ao VGgat r (left and g ton syste

Ratelight)

o(b ck right)Accele 'rometers (trnt, middle)

DIGITAL

IN TERFACEMANTCjp

A NO DIGITAL M 31
ANALOG SIGNAL COMPUTER
SESO SIN ONI TI ON HN H316

Fig. 9 .17b Block diagra of the WF LR Instp n~ t1 on Syst 

!
I n s r u m n t a o .i



200

The inertial transducers provide the following outputs:

- angular rates
- accelerations in the body axes
- attitude and heading from VY and DG and INS
- accelerations in earth-referenced axes from the INS (east, north, vertical)
- ground speed comoonents
- position d, a (longitude and latitude).

The accuracies of these measurements are shown in the following table:

Parameter Accuracy

Angular rates 0.5 - 0.C % of full scale

Body acceleration 0.2 1 of full scale

Attitude (VG) 0.50 unaccelerated flight

Heading :76) 0.25 - 0.50 (free or slaved to compass)

attitude 0.1 0

heading 0.30

INS a:celeration better then 0.1 1 of full scale

velocity 3 m/s (unaided)

position 2 nm (unaioed)

The (analrg) navigation computations of the LN3-2A platform have been replaced by a digital algoritthm

in the on-btjrd computer, including the capability of aiding the INS by external (radio) sensors, like
H VOR/DE., multiple ONE or Doppl-!r radar. In this aided mode the data provided by the platforr are improved

(see Chapter 8) corresponding to the accuracy of the external sensors.

9.5 Future Trends

The introduction of Control Configured Vehicle (CCV) technology in military and civilian aircraft wil'
intensify the tendency to more sophisticated integrated instrumentation systems. Future aircaft will con-
tail cmiplex digitl guiddance and contr-ol and avionics system.s, the flight testing of wh~ch will increase
,he requirements fnr accuracy and dynamir. perforvnce of the transducers to be used. Fligh-• testing of

the~e aircraft under dynamic conditions and the dpplicbtion of advanced mathematical metho's to obtain the
aircraft , -ametcr.F aP their derivatives with h%.i) preision and for a minimum of flight test time will
promote the intrduction of inertial navigation systems (platform and especially strapdown systems) as
fligh* test instruments

klen the strapdon :,ystems (Section 7.4.4) have reechcd the same state of maturity as the platform
systds of today they will become the ideil inertial instrumentetion sys

t
em for flight test use. These

ýystus provide the comple~e set uf inertial informatinn which is of interest to the flight test engineer

- the mngular rates,
- the aircraft angles,
- the linear acceler.tions.
- the cround velocities, anu

-tie aircrrft pos
t o.. ( .e flight path).

T '-, data are wel! s.nchronized and of high accuracy, and contain frequencies up to 5 or 10 Hz (se-!
Table 7.7.1b). Fr, flutter measurements in the ve-y high frequency range, linear and angular accelerometers
and rate gyros si1l1 still be used.

For very high required accuracies it. the low frequency range the strapdowm systems can be velocity or
position aided (see Chapter 8) by mans of external sensors, like 0oppitr radars, radio navigation systems,
tracking radars, etc. In these hybrid systems, the complete set of inertial information is improved with
resoect to accuracy.

With the introduction of laser gyros fwr the new generation of transport aircraft (A310, B767), these
sensors will also become mature for applications ir, flight testinq. Thi laser gyros tend to eliminate the

disadvimntage of mechanical gyros - their sensitivity to vibrations. Strapdown systems (attitude and heading
reference s);rAms and navigation systems) with laser gyros will then find their application in the flight
testing of aircraft.

! i
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